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ABSTRACT
Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy

Program: Microsystems Engineering

Name of Candidate: Michael Mario Daino
Title: Evaluation of Water Transport in PEMFC Gas Diffusion Layers Using Image Analysis
Liquid water transport through the gas diffusion layer (GDL) of a proton exchange membrane
fuel cell (PEMFC) was investigated through three interrelated studies utilizing the tools of image processing. First, a new framework and model for the digital generation and characterization
of the microstructure of GDL materials with localized binder and polytetrafluoroethylene (PTFE)
distributions were developed using 3D morphological imaging processing. The new generation
technique closely mimics manufacturing processes and produces realistic 3D phase-differentiated
digital microstructures in a cost- and time-effective manner. The generated distributions of hydrophobic (PTFE) and hydrophilic (carbon) regions representative of commercial GDL materials
provides water transport modeling efforts with more accurate geometries to improve PEMFC water
management. Second, through-plane transport in an operating PEMFC was investigated by developing and testing a transparent (visible and infrared) fuel cell. Visible observations and subsequent
video processing revealed condensation of microdroplets on the GDL and implied the existence of
condensation within the GDL. Temperature gradients across the cathode GDL under realistic operating conditions were obtained in a noninvasive manner using infrared imaging and subsequent
image analysis. Recommendations for improving accuracy of PEMFC temperature measurements
using infrared imaging were made. The final contribution of this work was the measurement and
analysis of water breakthrough dynamics across GDL materials with and without microporous layers (MPLs). Dynamic breakthrough events, or recurrent breakthroughs, were observed for all GDL
material investigated indicating the breakdown and re-build of water paths through the GDL caused
by an intermittent water drainage process from the GDL surface. GDL materials without an MPL
exhibited a dynamic breakthrough location phenomenon and significantly elevated water saturations. The results suggest that the MPL not only limits the number of water entries into the GDL
substrate but also stabilizes the water paths. These dynamic breakthrough events were explained
in terms a Haines jump transport mechanism. The main contributions of this work are: (1) Development of a new digital GDL microstructure generation algorithm, (2) Evaluation of infrared
temperature measurements in the through-plane direction of a PEMFC, and (3) Identification of a
new water transport mechanism in GDL materials.

Abstract Approval:

Committee Chair
Program Director
Dean KGCOE

iv

ACKNOWLEDGMENTS

I would like to thank my advisor, Satish Kandlikar, for providing me this great opportunity
to be a member of his research team. The knowledge that I have gained under his advisement has far exceeded any and all expectations. His unending excitement for his career is
an inspiration to all.
A special thanks to my wife, Stefanie, who fully supported me throughout this experience. I am forever grateful for her patience and understanding. Without her continuous
support, this would not have been possible.
I would also like to thank my parents, Bill and Linda, who endured my younger years
and provided unwavering encouragement throughout life’s challenges. To my father, who
taught me that hard work always pays off and to my mother who “made me go to college”,
many thanks.
Support for this project was provide by the US Department of Energy under award
numbers: DE-FG3607GO17018 & DE-EE0000470 and by the New York State Energy
Research and Development Authority under contract no. 9575.

v

Contents
List of Figures
1

2

3

viii

Introduction
1.1 Motivation . . . . . . . . . . . . . . . . . . .
1.2 Proton Exchange Membrane Fuel Cells . . .
1.3 Gas Diffusion Layer Materials and Properties
1.4 GDL Microstructure and Water Management
1.5 Objectives . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

1
1
2
4
6
8

Literature Review
2.1 GDL Numerical Modeling . . . . . . . . . . . . . . . .
2.1.1 Stochastic GDL Generation . . . . . . . . . . .
2.1.2 Pore Network Modeling . . . . . . . . . . . . .
2.2 Imaging Techniques for PEMFC Research . . . . . . . .
2.2.1 Visible . . . . . . . . . . . . . . . . . . . . . .
2.2.1.1 Confocal Laser Scanning Microscopy
2.2.2 Infrared . . . . . . . . . . . . . . . . . . . . . .
2.2.3 Fluorescence . . . . . . . . . . . . . . . . . . .
2.2.4 X-ray . . . . . . . . . . . . . . . . . . . . . . .
2.2.5 MRI . . . . . . . . . . . . . . . . . . . . . . . .
2.2.6 Neutron . . . . . . . . . . . . . . . . . . . . . .
2.3 GDL Liquid Transport . . . . . . . . . . . . . . . . . .
2.4 Approach . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

9
9
10
12
13
15
21
28
32
35
38
41
44
48

Digital GDL Microstructure Generation
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Mathematical Model for GDL Microstructures . . . . . . . . .
3.2.1 Three Dimensional Fiber Substrate . . . . . . . . . . .
3.2.2 GDL Binder and PTFE . . . . . . . . . . . . . . . . . .
3.2.2.1 Morphological Image Processing . . . . . . .
3.3 Generation Algorithm . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 GUI Design . . . . . . . . . . . . . . . . . . . . . . . .
3.4 Microstructure Characterization . . . . . . . . . . . . . . . . .
3.4.1 Global Porosity . . . . . . . . . . . . . . . . . . . . . .
3.4.2 Local Porosity Distribution . . . . . . . . . . . . . . . .
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.5.1 Toray TGP-H-060 Generation . . . . . . . . . . . . . .
3.5.1.1 Local Porosity . . . . . . . . . . . . . . . . .
3.5.1.2 Through-plane Binder and PTFE Distributions
3.5.1.3 Comparison to Actual GDL . . . . . . . . . .
3.5.1.4 Effect of PTFE . . . . . . . . . . . . . . . . .
3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

49
49
50
51
52
52
58
61
63
63
63
64
65
72
76
78
80
82

vi

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

4

5

6

Through-plane Visible and IR Imaging of a PEMFC
4.1 Infrared Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.1 Blackbody Radiation . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.2 Radiometric Definitions . . . . . . . . . . . . . . . . . . . . . . .
4.1.3 IR Imaging for Temperature Measurement . . . . . . . . . . . . .
4.2 Transparent PEMFC Design . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Imaging Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.4 Through-plane Visible Imaging in a PEMFC . . . . . . . . . . . . . . . . .
4.4.1 PEMFC Materials and Testing Conditions . . . . . . . . . . . . . .
4.4.2 MRC (Mitsubishi Rayon Co.) 105 Results and Discussion . . . . .
4.4.2.1 Simultaneous Anode and Cathode Channel Visualization
4.4.2.2 GDL Cross-section Observation . . . . . . . . . . . . .
4.5 Through-plane Infrared Imaging in a PEMFC . . . . . . . . . . . . . . . .
4.5.1 Infrared Calibration . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.1.1 Experimental Setup and Procedure . . . . . . . . . . . .
4.5.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5.2 PEMFC Materials and Testing Conditions . . . . . . . . . . . . . .
4.5.3 Ex Situ Temperature Distribution Validation . . . . . . . . . . . .
4.5.3.1 Room Temperature Results . . . . . . . . . . . . . . . .
4.5.4 In Situ Temperature Gradient . . . . . . . . . . . . . . . . . . . .
4.5.4.1 SGL10 BC Results and Discussion . . . . . . . . . . . .
4.5.4.2 Toray TGP-H-120 Results and Discussion . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

84
84
85
85
87
88
90
90
90
91
91
92
96
96
96
97
99
99
101
104
104
111

Ex Situ GDL Dynamic Liquid Transport
5.1 Experimental . . . . . . . . . . . . .
5.1.1 Test section design . . . . . .
5.1.2 Experimental procedure . . .
5.1.3 GDL materials . . . . . . . .
5.2 Results . . . . . . . . . . . . . . . .
5.2.1 GDL materials without MPL .
5.2.2 GDL materials with MPL . .
5.3 Discussion . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

118
118
118
119
122
122
122
127
129

Conclusions
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Digital GDL Microstructure Generation . . . . . . . . . . .
6.3 Through-plane Visible and IR Imaging of a PEMFC . . . . .
6.4 Ex Situ GDL Dynamic Liquid Transport . . . . . . . . . . .
6.5 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . .
6.5.1 Digital GDL Microstructure Generation . . . . . . .
6.5.2 Through-plane Visible and IR Imaging of a PEMFC
6.5.3 Ex Situ GDL Dynamic Liquid Transport . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

135
135
135
136
137
138
138
142
143

.
.
.
.
.
.
.
.

References

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

145

vii

List of Figures
1.1
1.2
1.3
1.4

PEMFC schematic (not to scale). . . . . . . . . . . . . . . . . . . . . . . . . . . .
Digital microscope images of general GDL types (Toray Industries, Inc.). . . . . .
Confocal laser scanning microscope images of GDL materials. . . . . . . . . . . .
3D CLSM images of TGP-H-060 0 wt.% PTFE (left) and Freudenberg H2315 (right).

2.1
2.2
2.3
2.4

Example image of in situ cathode channel visualization. . . . . . . . . . . . .
Illustration of operating principle of confocal pinhole system with simple lens.
Conventional versus laser confocal microscope images of a GDL material. . . .
Infrared image of water on a GDL material at ambient temperature. . . . . . .

3.1

Schematic of an arbitrary cylinder of radius r in the direction of Ĉ that passes
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Chapter 1
Introduction
1.1

Motivation

The demand for petroleum is ever increasing with 70 % of the United States’ total consumption fueling the transportation sector [1]. This demand for petroleum cannot indefinitely be
met as world-wide supplies of fossil fuels continue to be reduced, further increasing costs
and may eventually lead to prohibitively expensive gasoline prices for private transportation. In addition, 43 % of the United States’ carbon dioxide emissions from 2000-2006
were solely from petroleum consumption [1]. This establishes transportation as a sector
where significant progress can be made to reduce both national petroleum imports and
greenhouse gas emissions. The proton exchange membrane fuel cell (PEMFC) is considered one of the most promising technologies to displace the internal combustion engine in
the private transportation sector due to its high efficiency, low emissions, quiet operation,
quick startup and refueling, and variety of feedstocks for hydrogen fuel production [2].
PEMFCs use hydrogen and oxygen to generate electricity with water and heat as the
only byproducts of the electrochemical reaction. Although water is a byproduct and needs
to be removed from the cell, the most widely used membrane (Nafion R ) must remain
hydrated to sustain protonic conductivity [3]. An overabundance of water in a PEMFC
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may block reactant pathways and/or catalytic sites significantly impacting performance
and may potentially lead to cell failure. Maintaining a sufficient amount of water in the cell
without hindering reactant transport is a critical aspect of PEMFC research that continues
to be widely studied [4–8]. Thus, effective water management in PEMFCs is critical for
high performance, reliability, efficiency, and vital in cold-start environments. Specifically,
the gas diffusion layer (GDL) strongly affects the water distribution throughout the cell and
must be well characterized in terms of material properties and microstructure for evaluation
of its effect on cell performance and longevity.

1.2

Proton Exchange Membrane Fuel Cells

Proton exchange membrane fuel cells are electrochemical devices that convert chemical
energy in hydrogen molecules into electricity. The materials used on the cathode and anode of a PEMFC are typically mirror images of one another. The major components are
shown in the schematic of a PEMFC cross-section in Fig.1.1. The gas distribution channels usually have hydraulic diameters of a millimeter or less and are made of an electrically
conductive material such as graphite. The gas channels supply hydrogen to the anode and
oxygen (usually air) to the cathode and also remove excess water from the cell. The regions
between the channels (referred to as lands or ribs) in contact with the GDL surface allow
for current to flow from the anode where hydrogen is oxidized to the cathode where water
is produced. Gas diffusion layers are generally made of graphitized carbon paper or cloth
and are highly porous ( >70 %) with pore sizes of about 10-30 µm for paper GDL [9].
The microporous layer (MPL) is an additional layer of carbon particles and polytetrafluoroethylene (PTFE) and in the absence of cracks has pores much smaller (around 0.1-0.5
µm) than the GDL substrate [9]. The cracks in the MPL shown in Fig. 1.1 play an important role in PEMFC water management and will be discussed in detail in chapter 5. The
catalyst layer (CL) is comprised of nanoparticles of carbon supported platinum (shown as
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silver spheres on larger black spheres) and ionomer (shown in green) from the PEM. The
PEM is typically based on chemically stabilized perfluorosulfonic acid/PTFE copolymer in
the acid form made by DuPontTM under the name Nafion R .
The operation of a PEMFC can be described by following the path of the reactants and
product water through the fuel cell materials. Hydrogen is supplied to the anode by gas
distribution channels where it diffuses through the anode GDL and MPL into the anode
CL. In the anode CL, hydrogen is oxidized and the electrons are conducted back through
the MPL and GDL into the lands of the anode gas distribution channels. The free electrons
flow through an electric load (electric motor for automotive applications) as they travel
toward the cathode. The PEM conducts the protons toward the cathode where they are
joined by the electrons and oxygen that conducted and diffused through the cathode GDL
and MPL from the cathode gas distribution channels and lands, respectively. The protons,
electrons, and oxygen react in the cathode CL to form water and heat. The half cell and
overall reactions are shown in Eq.1.1.

Figure 1.1: PEMFC schematic (not to scale).
3

Cathode:
Anode:
Overall:

1.3

1/2O2 + 2H + + 2e− →
− H2 O
H2 →
− 2H + + 2e−
O2 + 2H2 →
− 2H2 O

(1.1)

Gas Diffusion Layer Materials and Properties

Gas diffusion layers used in PEMFCs are essential for efficient operation and play a pivotal
role in water management. The requirements of a GDL material can be summarized as
follows:
1. Distribute reactants uniformly to catalyst layers
2. Provide pathways for water removal
3. Conduct electrons and heat
4. Provide mechanical support to membrane
5. Resist compression into channels
The two general types of GDL materials used in PEMFCs that meet these requirements
are carbon fiber paper and carbon fiber cloth. Carbon fiber paper is generally manufactured
using paper manufacturing techniques with a binding substance and is typically treated
with PTFE to increase hydrophobicity prior to use. Carbon fiber cloth is made by weaving
carbon fibers together and thus does not require a binder material but is also typically
treated with PTFE prior to use. A commercially available and widely used carbon fiber
paper and carbon fiber cloth GDLs produced by Toray Industries, Inc. are shown in Fig.
1.2.
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(a) Carbon fiber paper

(b) Carbon fiber cloth

Figure 1.2: Digital microscope images of general GDL types (Toray Industries, Inc.).

There are significant differences in the material properties among the commercially
available carbon fiber paper GDLs. Sample confocal laser scanning microscope (CLSM)
images of four carbon fiber paper GDLs can be seen in Fig.1.3. Qualitative differences in
the GDL substrates and binding material can clearly be seen in the figure. The binding
material of TGP-H-060 0 wt.% PTFE (Toray Industries, Inc.) can be characterized as large
smooth sections spanning across multiple fibers as opposed to the binding material of SGL
25BC (SGL Carbon Group) which is rough and coats most of the fibers but spans across
a smaller area. The binding material used in Freudenberg H2315 is similar in structure
to that of SGL although used much more sparingly rarely spanning across fibers. MRC
(Mitsubishi Rayon Corp.) 105 uses binder that restricts access in/out of the material similar
to Toray except that it has many smaller irregular openings throughout which resemble a
spider’s web. As Fig.1.3 illustrates, the binding material may have a significant impact
on the accessibility of drainage locations for water migrating out from the cathode CL or
emerging from the GDL into the channels. The differences in restrictions to the surface of
the GDLs are further contrasted in the 3D images of the TGP-H-060 0 wt.% PTFE versus
Freudenberg H2315 shown in Fig.1.4.
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(a) TGP-H-060 0wt.% PTFE

(b) SGL 25BC

(c) Freudenberg H2315

(d) MRC U-105B

Figure 1.3: Confocal laser scanning microscope images of GDL materials.

1.4

GDL Microstructure and Water Management

The flow of reactants and product water through GDL materials is highly dependent on the
microstructure and material properties. A low porosity GDL has limited flow paths for the
reactants to reach the catalyst layers as well as for the transport of the liquid water from
the cathode CL to the gas distribution channels. Thus, for PEMFC applications, highly
porous GDLs are used with specific attention given to the associated trade off with other
material properties such as conductivity and mechanical strength. Similarly, a strongly nonwetting GDL would require significant pressure for the water to enter the pore network and
a strongly wetting GDL would saturate with water leaving insufficient reactant pathways.
In order to develop an optimized GDL for PEMFCs, both the microstructure and material
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Figure 1.4: 3D CLSM images of TGP-H-060 0 wt.% PTFE (left) and Freudenberg H2315
(right).

properties need consideration.
The microstructure of GDL materials can vastly vary as was exemplified for common
GDLs in §1.3. The pore size distribution, porosity, fiber diameter distribution, binder characteristics, and tortuosity of the microstructure strongly affect the availability and length
of flow paths for both reactants and product water. Additionally, the dominant forces governing the fluid transport are functions of the scale and geometry of the microstructure as
well as the fluid properties. In order to accurately model the liquid water transport through
GDL materials, the microstructures need to be sufficiently characterized.
Water management in PEMFCs has been identified as critical for performance and efficiency [4,6,10–12]. Water management in PEMFCs is aimed toward optimizing the hydration of the membrane without excess water blocking reactants in the gas channels, GDL,
MPL, or CL. Water hold-up within the GDL requires additional consideration for efficient
cold-starts in northern climates. An under hydrated PEM has reduced protonic conductivity and an overabundance of water within the fuel cell causes mass transport losses. Both
of these extremes reduce fuel cell performance and may lead to cell failure. Water distri7

bution and transport processes are not completely understood in PEMFCs and thus there
is a tremendous need for a fundamental understanding in order to design and operate an
optimized PEMFC.

1.5

Objectives

The main contribution of this work was to increase understanding of water transport through
a GDL of a PEMFC with three interrelated objectives. The first objective was to develop
a mathematical model to digitally generate the three-dimensional (3D) microstructures of
GDL materials incorporating both carbonized binder and wet-proofing treatments. The
developed software will allow for intuitive input parameters such as global porosity, fiber
radius, etc. of the GDL material and the resulting structures can then be readily used
for analyzing transport processes using commercial CFD software packages. The second
objective was to study through-plane transport processes in a PEMFC using visible and
infrared imaging of a newly designed transparent fuel cell. The visible imaging allowed
for high-magnification examination of the GDL cross-section and the infrared imaging revealed the temperature gradient across the GDL. The third and last objective of this work
was to investigate fundamental water transport mechanisms through GDL materials in a
well-controlled ex situ experiment. The ex situ experiments allow for characterization of
water transport properties in the GDL that are otherwise impractical. The combination of
these objectives investigates the GDL material using ex situ, in situ, and microstructure
modeling approaches for improved understanding of transport processes.
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Chapter 2
Literature Review
2.1

GDL Numerical Modeling

Liquid transport in porous media has been modeled on the pore scale with a variety of
methods and can be broadly classified as rule-based and first-principle based methods [13].
A comprehensive review of modeling approaches for flow in porous rocks can be found
in [14]. Rule-based approaches incorporate the governing physics of the transport mechanisms in the porous medium on a regular idealized representative geometry. Promising
rule-based approaches that have been applied to GDL liquid transport modeling are pore
network [15–27] and full morphology models [28]. As the classification implies, firstprinciple based models are built from first principles to predict the transport on a discretized
grid. Applying CFD methods to study GDL liquid transport has been a challenging task
due to the complex boundary conditions imposed by GDL microstructure. To overcome
this difficulty of standard CFD methods, Lattice Boltzmann (LB) methods have been utilized to simulate the liquid transport through GDL materials [29, 30]. The rule-based and
first-principle based models require vastly contrasting computational resources and complexity which may not be necessary or more accurate for GDL transport modeling [25].
Although these modeling approaches fundamentally differ from one another, each method
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requires an accurate representation of the microstructure and material properties.

2.1.1

Stochastic GDL Generation

Gas diffusion layers commonly used in PEMFCs (e.g. Toray TGP-H) are comprised of
graphitized fibers and carbonized resin and are usually treated with PTFE to increase hydrophobicity prior to in situ testing [9]. The distribution of these solid phases as well as
their three-dimensional geometry within a GDL has been challenging to determine due to
the opaqueness and multiple length-scales of GDL materials. Advanced three-dimensional
(3D) imaging techniques utilizing x-rays (synchrotron [31, 32] or non-synchrotron [20, 33–
37]) for computed tomography reconstruction of GDLs have recently been employed to
reveal the 3D microstructure with various spatial resolution and contrast between GDL material and void. The distributions of carbonized resin, graphitized fibers, and wet-proofing
agent (e.g. PTFE) are highly desired for transport modeling but the ability to differentiate these phases throughout the GDL remains a considerable challenge. Additionally,
the time required and expense of sophisticated micro-CT (computed tomography) imaging systems is prohibitively substantial. A relatively new method utilizing the field of
stochastic geometry to predict the internal microstructure of GDL materials has proven to
be a valuable tool to ascertain GDL 3D geometry and composition in a cost- and timeeffective manner [28]. Stochastic generation has been applied to various porous materials
including coalescers [38], acoustic trim [39], solid oxide fuel cell electrodes [40], PEMFC
GDL [28–30, 41–44], and PEMFC catalysts [29, 45, 46]. Since the initial application of
stochastic geometry to generate a virtual GDL by Schulz et al. [28] in 2007, many studies have used the original concept [39] for pure fiber GDLs [29, 41, 47, 48], fiber with
carbonized resin (referred to as binder) [32, 42–44, 49], or fiber with PTFE but without
binder [30].
Schulz et al. [28] were the first group to apply stochastic generation to “reconstruct”
GDL materials to obtain the 3D microstructure for the simulation of liquid flow. The frame10

work of the authors’ generation algorithm used the following assumptions for carbon fiber
paper digital generation:
• Fibers infinitely long
• Fiber crimp is negligible
• Fibers may intersect
• Fiber system is macroscopically homogeneous and isotropic the in-plane direction
Utilizing these assumptions enabled the use of a stationary Poisson line process model
with a one parametric directional distribution for GDL fiber system. The fibers were attached to the lines generated by the Poisson line process and the directional distribution
was given in polar coordinates as a function of altitude in terms of density:

ρ(θ) =

1
βsinθ
4π (1(β 2 − 1)cos2 θ) 32

(2.1)

where β is anisotropy parameter with β = 1 represents an isotropic system and increasing
β results in a more layered structure with fibers accumulating in planes. The digital generation of Toray TGP-H-090 and SGL 10BA were computed using β values of 10,000 and
100, respectively. The results of the generated structures’ pore size distribution and permeability were in good agreement with experimental data validating the overall technique.
It is also worth noting that Schulz et al. [28] developed a full-morphology (FM) model to
simulate water transport through the generated GDL materials.
The work of Schulz was extended by Thiedmann et al. [42] by including the effects of
the carbon binder used in the manufacturing of GDL materials. The mathematical model
used for the addition of binder assigned a probability of being filled with binder to each
non-fiber (pore) region of each layer of the fiber skeleton. This method was referred to as
Bernoulli filling and resulted in horizontally oriented sections of binder. The generation of
binder material was further improved by Becker et al. [32] where the binder was treated
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as a wetting-fluid by filling the smallest pores first. The authors used the morphological
opening of spheres of increasing radius on the fiber skeleton to determine the pore size
for each voxel throughout the digital structure. The voxels were then filled with binder
material in ascending order until the desired porosity was achieved. Hao and Cheng [30]
used the algorithm proposed by Schulz et al. [28] for the fiber skeleton and built upon
that method by incorporating the addition of PTFE but did not consider binder. PTFE was
added by randomly filling voxels near fibers until the desired porosity for the particular
PTFE loading was achieved.
Since GDL carbon paper materials used in PEMFCs usually have a carbon binder material and are generally subsequently treated with PTFE, there is clear need for a digital
generation algorithm that fully incorporates both phases. The addition of the binder and
PTFE should mimic actual manufacturing processes and allow for intuitive realistic input
parameters. A phase-differentiated (fiber, binder, PTFE, and void) 3D model of the GDL
microstructure can then be generated in a cost- and time-efficient manner which can be
used for transport modeling with any of the model approaches.

2.1.2

Pore Network Modeling

Pore network modeling has been used to gain insight into the liquid transport within a
porous media in a computational efficient manner. This rule-based modeling approach is
accomplished by first reducing the complex interconnected pore structure of porous media
to a representative network of regular pores (e.g. spheres). Liquid transport modeling
through the representative simplified network is much less computationally expensive and
avoids associated challenges with the true geometry. Through this method, fluid transport
can be simulated and the effects of material properties such as pore distribution, porosity,
and wettability and can be quickly evaluated.
Pore network modeling has been successfully implemented for a variety of porous media dating back to the pioneering work of Fatt in 1956 [50–52]. There is a vast variety of
12

applications for liquid transport in porous media including, pharmaceuticals, paper industry, oil recovery, PEMFC GDL, and many others which has motivated the study of pore
networks for porous media in the generalized form [53–57]. Current advances in pore
network modeling from its early starts can be found in review papers for the interested
reader [58–60].
Water transport modeling in GDL materials typically neglect dynamic interactions on
the pore scale and are more focused on steady-state condition of water flow paths. However,
dynamic behavior of water transport has been observed experimentally in two aspects:
recurrent breakthroughs and dynamic breakthrough locations [61]. These phenomena can
be explained in terms of Haines jumps used in geological disciplines [62]. Haines jumps are
a description of discontinuous drainage displacements where the non-wetting fluid (water
in GDL) in a porous media becomes disconnected (or choked-off) due to constrictions in
the pore network. These phenomena have yet to be simulated in pore networks for GDL
materials and may play a vital role in water transport.

2.2

Imaging Techniques for PEMFC Research

The water transport through each of the layers of a PEMFC has been significantly difficult
to study due to material opaqueness and multiple length scales. Some of these challenges
have been met using a variety of imaging modalities to reveal fundamental water transport
mechanisms through PEMFC materials. These imaging techniques have been vital to the
understanding of water transport for direct visualization of the processes as well as quantifying the water throughout the fuel cell. Coupled with additional measurements of physical
quantities of the system, imaging techniques provide a greater fundamental understanding
than the physical quantities alone. Additionally, imaging techniques provide a variety of
observations on the fuel cell that may not be obtained by other means.
A wide variety of imaging techniques has been employed for PEMFC research to aid
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in our understanding of the physical phenomena within the cell with several reviews given
in [63–69]. Imaging objectives range from material characterization to two-phase flow in
the gas distribution channels. Imaging systems gather information on the specimen or processes under study that is unique to the system’s operating principles. Imaging specimens
using different imaging modalities can often complement one another in order to gain a
greater understanding than either could reveal independently. PEMFC water management
studies have utilized visible, infrared, X-rays, fluorescence microscopy, nuclear magnetic
resonance (NMR), and neutron radiography to visualize water, measure temperature distributions, and quantify water content.
Visualization of water content and transport in PEMFCs is crucial in a comprehensive
understanding of fuel cell operation. Imaging systems in various modalities have been and
are currently being developed to reveal and measure physical properties of fuel cell components with a specific interest in water observation and quantification. Direct visualization
with reflected visible light has been able to reveal flow regimes for two-phase flow in the
gas distribution channels, droplet emergence phenomenon, contact angles, and quantification of water in the gas distribution channels (with subsequent processing techniques).
Visible light imaging systems utilize a very mature technology that has been used for over
400 years and offers the most intuitive means of visualization. Infrared imaging can obtain
non-contact temperature distributions without the use of intrusive probes or sensors (e.g.
thermocouples). The overall electrochemical reaction in the fuel cell is exothermic and thus
the temperature distributions allow for the study of local current densities. X-ray imaging
has the potential for high spatial resolution but contrast between water and fuel cell materials can be challenging. Fluorescence microscopy has been employed for ex situ studies
of water transport phenomena within top most portions GDL materials but would require
novel methods to be used during in situ observations. Neutron imaging has the advantage
that fuel cell hardware modification from what is typically used is minimal (if at all) which
is generally required by other imaging techniques. Neutron radiographs measure water

14

thickness but require extremely sophisticated imaging systems requiring a nuclear reactor
and beam time in established facilities is in great demand. Magnetic resonance imaging
(MRI) has been applied to PEMFC research only through severe modification of fuel cell
hardware required by eliminating ferromagnetic materials and using conductive materials
in moderation and only when absolutely necessary.

2.2.1

Visible

Visualization studies utilizing visible light, roughly in the range of wavelengths 400 nm
≤ λ ≤ 700 nm, are intuitive to interpret and have revealed a variety of water transport
phenomena. The simplest experimental setup consists of an in situ or ex situ visualization
test section, light source, and light measuring device. In situ experiments typically require
flow fields that are modified with a visibly transparent plate or window to allow for live
observation of the water content in the gas distribution channels. Visibly transparent materials reported in literature are usually polycarbonate (Lexan R ) or polymethyl methacrylate
(Acrylic) although there are many other materials that could be used. The addition of a
viewing window changes the physical properties of the channel, such as surface energy
and heat transfer properties, but still reveals valuable information on the water transport
between the channel and GDL.
The light that is incident on the fuel cell materials such as GDL, MPL, or CL is generally reflected or absorbed from these opaque materials. The light that is reflected is
captured with an optic, focused onto a focal plane, and measured by a light sensitive device
(or material such as photographic film). Image contrast is achieved from local differences
in material reflectivity and/or topology using uniform illumination. Visible imaging can
be used with a wide field of view for overall assessment of the cell, e.g. gas distribution
channels, or high magnification can be used to study fine features such as droplet formation.
Visualization with visible light is relatively straightforward but the incorporation of
an observation window may prove to be challenging. The availability of imaging sensors
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and optics makes these imaging systems cost effective and with state-of-the-art supporting
software, relatively simple to operate. There are many high-speed cameras that far exceed
temporal resolutions of other modalities that can capture transient phenomena otherwise
unobtainable. One disadvantage to using an observation window is the modification to the
fuel cell could affect the phenomenon under study and thus must be carefully considered.
There have been many studies reported in the literature using reflected visible light
due to cost and availability of the associated mature technology. Transparent PEMFCs
have been developed for studying water in cathode channels [70–86], anode channels [72,
76, 86, 87], cathode CL [88–90], and even ’within’ GDL by cutting groves [91]. These
techniques provide direct qualitative observation of the PEMFC and when correlated to
physical measurements, provide a more complete understand of the phenomenon under
study.
Ex situ experiments have utilized for investigating water transport properties such as
GDL intrusion into gas distribution channels [92], dynamic water breakthrough phenomena [61], two-phase flow patterns for parallel channels under automotive operating conditions [93], and investigating the effects of channel properties [94]. Chen [95] used an
ex situ experiment to study the dominate frequency of the pressure drop in two 1.5 x 1.2
mm parallel channels. Carbon foam was used by the author to simulate the intrusion of
actual GDL materials and video was captured at the outlet. The dominate frequencies of
the pressure drop data were correlated to water flow patterns in the channels. Chen [96]
studied the effect of filling the reactant channels with foam inserts on the flow patterns
and associated pressure drop. The author found the foam inserts exhibited significantly
less mal-distribution with a four-fold two-phase pressure drop penalty. Yu et al. [97] also
utilized an ex situ test section with visualization to validate the use of double parallel conductance probes for detection of flow patterns in gas channels. Ex situ experiments allow
for more control over the experimental conditions and specific transport properties can be
isolated that may be extremely difficult to perform in an in situ environment.
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Lu et al. [93] mimicked automotive operating conditions in an ex situ experiment by
back calculating the water flow rates from current density and air flow rates from cathode
stoichiometry. Film, mist, and slug were found to be functions of the water and air flow
rates. Further analysis of the ex situ data showed that there is a maldistribution of flow in
parallel channels due to the presence of water. Maldistribution in flow channels of PEMFCs
reduces performance and can lead to material degradation [98, 99].
In situ imaging allows for direct access gas distribution channels to monitor water accumulation and removal. Visible images and video are very intuitive to interrupt due to our
familiarity with the visible spectrum. Figure 2.1 is a sample image from an in situ experiment where the fibrous GDL structure can be clearly seen in the channels. The image was
captured with a Photron fastcam 1024 pci high-speed camera equipped with a long working
distance microscopic lens. Details of the experimental setup can be found in [100]. The
image in Fig.2.1 is a sample of three of twenty-two cathode gas distribution channels that
portrays both droplet formation (circled) as well as film flow (boxed).
Hector et al. [101] measured the strain accumulation in membrane and MEA materials
after a single hydration/dehydration cycle using digital image correlation between consecutive images during drying period. The membranes and MEAs used were initially marked
with contrast marks to allow for correlation after the hydration/dehydration cycle. A digital image correlation algorithm was used to correlate the contrast marks to a digital grid
pattern for cumulative or incremental correlation. A digital grid (37 x 48) was placed over
each image to act as a strain gauge. The digital image correlation was able to provide cumulative strain maps for the samples as well as the drying induced strains at each pixel
location. The algorithm was able to compute the strains for most of the field of view with
an area of ≈ 1500 mm2 on the membranes and MEAs with an uncertainty of 100 microstrains. A 3D DIC technique has recently been developed to measure the local thickness
and compressibility of GDL materials [102].
Droplet formation, growth, and detachment on a cathode GDL have been studied by
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Figure 2.1: Example image of in situ cathode channel visualization. Note lands are 0.5 mm
wide.

Yang et al. [82] utilizing transparent polycarbonate windows for visible imaging. Through
direct observation of the flow channels, it was observed that droplets emerge from preferential locations on the GDL surface. The droplets grew until they made contact with the
channel walls and wicked onto them due to the hydrophilicity of the channel walls. The
water was removed from the channels in an annular flow. It was observed that under practical stoichiometric ratios two-phase flow in the cathode channel was dominated by annular
film flow.
Zhang et al. [83] studied the detachment diameter of a droplet from carbon paper as
a function of Reynolds number. The authors empirically derived an expression for the
detachment diameter for the particular GDL used as a function of air Reynolds number.
Zhang et al. [83] also utilized the captured video to mathematically model the spreading
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factor of the droplets on the hydrophilic walls.
Water flow in gas distribution channels is an important parameter in understanding water transport and removal from the fuel cell but water transport begins in the CL, MPL,
and GDL. However, due to their opaque nature, additional modifications to the fuel cell are
necessary to visualize water transport through them. Ge and Wang [89] studied water and
ice formation on the cathode CL under cold start conditions by utilizing a silver mesh as
the cathode GDL. Optical access directly to the surface of the cathode CL was obtained
through the 0.38 x 0.38 mm openings between the wires and was monitored for water formation during cold start conditions. Water droplets were observed to form and grow on
the CL with diameters in the range of 10-40 µm. Water was differentiated from ice/frost
particles by observing the captured images as a video which revealed that the droplets were
clearly growing. The droplets were confirmed to be liquid through a quenching experiment
during which the cell was cooled to -3◦ C for 2 hours. During the quenching, the droplets
underwent a phase transition where their perimeters transitioned from round to irregular.
The cell was then allowed to warm to room temperature and the ice particles melted and
the resulting water was wicked onto the hydrophilic silver mesh. Although the silver mesh
GDL allowed for direct visual access to the CL surface, it exhibited large thermal and
electrical contact resistances that are not characteristic of commercial PEMFCs.
Ge and Wang [90] modified their experimental setup to better represent commercial
PEMFC by using cutting micro-holes with diameters ≈ 400 µm were cut into the cathode
GDL (Carbon paper) along the length of the channel to obtain visible access to the CL.
Under cold start conditions of -1◦ C and -3◦ C water formation was captured using a digital
camera equipped with a zoom lens. Through the micro-holes, water droplets with diameters
10-50 µm were observed on the CL. The authors confirmed that the droplets were indeed
water and not ice or frost through the same quenching procedure previously described.
Ge and Wang [87] utilized a similar experimental setup to study water formation and
transport in the anode channels of a PEMFC as they did for their cold start experiments
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previously described. Water droplets or water film were not observed in the anode channels for 0.5 or 0.8 A/cm2 . Under these higher current densities there is a higher water flux
from the anode to the cathode from electro-osmotic drag and thus less water accumulates
in the anode channels. It was found that current density is the controlling parameter for
water formation in the anode channels. Water droplets were captured for a current density
of 0.2 A/cm2 and their locations (whether on GDL or window surface) were distinguished
by comparing images taken under different lighting conditions. One image was taken with
illumination at normal incidence and the other with just ambient light using a longer exposure. The reflection from the droplets with the normal incidence revealed that the droplets
are formed on the channel walls or the transparent window but not on the GDL surface.
Using the ambient light condition, it was observed that water droplets never emerge from
the GDL under any of the operating conditions studied. This revealed that water clogging
of the anode channels does not come from the GDL in liquid form but rather in vapor form
followed by condensation. This formation of water in the anode channels is rather slow
and longer experiments (2 hours) were carried out to reveal anode flooding. Droplets were
observed to form, grow, and eventually clog the channel. The effect of GDL hydrophobicity was also investigated by the authors. It was found that a hydrophilic GDL would wick
a growing droplet from the channel wall and the channels would not be blocked. However,
this wicked droplet would absorb into the GDL blocking reactant pathways and may lead
to local fuel starvation.
Kimball et al. [103] used a transparent fuel cell to study the correlation between liquid
water in the cathode reactant channels to the local current. The authors found that droplets
emerge from the largest pores in the GDL and form slugs causing local currents near the
outlet to drop. Jiao et al. [104] used a transparent PEMFC to study the effect of compression
on through-plane water transport in the GDL from channel to channel and found that air
flow rates have a significant effect on water removal from under the land regions. An optical
reconstruction technique was applied to image data captured at various precise sample to
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lens distances by Berejnov et al. [105]. These images were then analyzed to determine
the depth at each pixel location producing a 3D surface image of the GDL samples. The
resulting 3D images that were obtained in a cost-effective manner (through digital image
processing) are similar to that produced optically by a confocal laser scanning microscope.

2.2.1.1

Confocal Laser Scanning Microscopy

Confocal microscopy has considerably increased the capability of optical microscopy in
terms of contrast and spatial resolution. Employing the principle of confocal optics has enabled microscopists to obtain unparalleled three dimensional images of specimen as well as
optical sectioning in the axial direction. However, this increase in resolution, contrast, functionality in confocal imaging systems, specifically confocal laser scanning microscopes
(CLSMs), are obtained at the price of complexity and cost of the system as well as reduced temporal resolution. CLSM systems require a series of precisely aligned optics,
specially designed objectives, laser sources, specialized computational capabilities, and
other periphery equipment not required by conventional microscopes. Although there are
significant technical difficulties associated with a CLSM and lower temporal resolutions
than digital microscopes, confocal imaging systems have been used extensively in biology
for many years and recently have been applied to many other disciplines.
A CLSM has a significant reduced temporal resolution due to raster scanning the image
pixel-by-pixel. A single photon detector is used to measure the image pixel-by-pixel in a
serial fashion opposed to a focal plane array used in convention digital microscopes that
independently capture the light at each pixel location. Scanning at acceptable rates for dynamic processes is significantly difficult to achieve in current CLSMs. Specialized systems
have been developed that can achieve video rates (30-60 fps) but this temporal resolution is
much lower than conventional digital microscopes (Over 10,000 fps and much higher using
pixel binning or subwindowing).
A scanning confocal optical system, first patented by Marvin Minsky in 1957, used in
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microscopy has many clear advantages over conventional microscopes. As outlined in Minsky’s patent the advantages include: Reduced blurring from scattered light, increased resolution, improved signal-to-noise ratio, permits clear observation of thick light scattering
specimens, z-scanning can be achieved, and electronic adjustment of magnification [106].
Although the basic principle was patented in late 1950’s it wasn’t until the later 1980’s that
CLSMs were first available on the market. This delay in the development in a commercial
CLSM system was mostly due to the invention and development of the laser as well as the
essential computational power required that was made possible from advances in computer
technology.
A CLSM employs the use of epi-illumination and a pinhole to increase contrast and
to obtain three dimensional images of specimens. CLSMs use a collection of optics, electronics, and a detector to collect and measure two and three dimensional high resolution
images. CLSM are confocal in the sense that the objective lens is used to illuminate and
image the specimen and thus uses epi-illumination. The objective focuses light onto only a
small portion of the specimen and only light that was reflected from the small illuminated
volume will be captured by the objective. A pinhole aperture is used to collect light reflected from only a narrow thickness into the specimen. Light collected by the objective
lens that is not from the volume in focus including any background light, is not measured
by the detector because it is blocked by the pinhole. This ability to ‘ignore’ out of focus
light is illustrated in Fig. 2.2 using simple ray tracing. In the configuration shown in Fig.
2.2, only the object represented by the green arrow would reach the detector and the rays
from the out of focused object (black arrow) are blocked by the pinhole.
The pinhole provides a method to evaluate only a narrow depth into the specimen without having the additional blur from the out of focus planes. Planes perpendicular to the
optical axis (along the axial direction) in the object plane will only be in focus over the
objective lens’ depth of field. The depth of field of an objective is given by [107]:
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Figure 2.2: Illustration of operating principle of confocal pinhole system with simple lens.
Note that rays from the black arrow are blocked by the pinhole and do not reach the image
plane where the image is recorded.

Zf ield =

nλ
N A2

(2.2)

where n is the index of refraction of the material between the objective and the specimen,
λ is the wavelength, and NA is the numerical aperture. The numerical aperture is defined
as:

N A = nsinθ

(2.3)

where n is the index of refraction of the medium between the objective lens and the specimen and θ is the half-angle of the maximum cone of light that can be collected by the lens.
The NA of an objective is commonly used as a measure of the maximum resolution that
can be achieved by an objective. As Eq. 2.2 shows, NA is also a measure of the depth
of field of the objective. As NA increases, the distance along the optical axis where the
specimen will be in focus will decrease. This decrease of the depth of field with increasing
NA results in axial resolution increasing. In addition to an increase in axial resolution, the
lateral resolution of the objective also increases with increasing NA and is discussed in
detail later in the text.
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In order to obtain different object planes in focus, referred to as optical sectioning, the
objective or specimen stage can moved by a step motor. This is necessary because typical
objectives have a fixed working distance. The plane that will be in focus is centered about
the working distance of the lens. Thus, the working distance also gives the overall range in
the axial direction that confocal images can be obtained for a given objective.
Conventional microscopes use white light and the image is collected either by the retina,
film, or electronic detector such as a charge-coupled device (CCD). These collected images
are two dimensional and the commonly used resolution criterion to compare imaging systems (often referred to as the diffraction limit) is given by Rayleigh’s criterion:

∆r = 1.22λf /#

(2.4)

where ∆ r is the minimum distance between two point sources in the object plane and f/#
is the f-number of the objective defined by:

f /# =

f
D

(2.5)

where f is the effective focal length and D is the diameter of the objective. For applications
where air is the medium between the objective and specimen (n ≈ 1) and utilizing the
paraxial approximation, the f-number can be written as:

f /# =

1
2N A

(2.6)

Using the reasonable approximation in Eq. 2.6, the Rayleigh criterion can be written
as:

∆rmin =

1.22λ
λ
= 0.61
2N A
NA

(2.7)

Equation 2.7 clearly shows the inverse relation of the minimum resolvable distance and
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the numerical aperture previously discussed. Rayleigh’s criterion is based on the image
collected from two point sources having the Airy disk of one on the first minimum of the
other. The Airy disk pattern collected at the image plane is due to the diffraction of light
and thus cannot be avoided. This criterion effectively requires roughly a 26 % decrease
in intensity between the two peaks of the collected image. In confocal microscopes, due
to the presence of the pinhole, this criterion results in a minimum resolvable distance two
points in the object plane as [108]:

∆rconf ocal = 0.88λf /# = 0.44

λ
NA

(2.8)

Thus, comparison of Eqs. 2.7 and 2.8 clearly shows the improved lateral resolution of
confocal over conventional microscopes. This increase in resolution can be attributed to
the reduction of the side lobes of the airy disk of the confocal microscope compared to
conventional [108]. The reduction of the side lobes allows for dim objects near brighter
object to still be resolved that would be otherwise washed out by the side lobes in the point
spread function of a conventional microscope.
Depth of field given by Eq. 2.2 can be used as a metric for the axial resolution but
strictly speaking it is not a resolution. A working definition of axial resolution similar to
the Rayleigh criterion for lateral is a more appropriate metric. As in the lateral Rayleigh
criterion, a 26% dip in intensity for two point sources located ∆z apart is given by [108]:

∆z = 1.5

nλ
N A2

(2.9)

Equation 2.9 shows the increase in axial resolution over conventional microscope given
by Eq. 2.2 that uses Z as the total thickness in focus which would be Z=2∆z in the notation
in Eq. 2.9. The selection of the pinhole diameter used in CLSM also has an impact on the
maximum resolution that can be obtained by an objective. The image of the pinhole on the
specimen determines the area of the specimen that will be illuminated. A pinhole that is
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smaller than minimum resolvable distance (given by Eq. 2.8) will not improve resolution,
but it would only decrease the signal-to-noise ratio. However, a pinhole that is too large
will accept light that is scattered from a larger depth (or axial distance) into the specimen
blurring the acquired image. From these considerations, the pinhole must be optimized for
the particular objective being used.
In a typical CLSM, galvanometer mirrors are used to deflect the laser beam and the image is built up pixel by pixel using a photomultiplier tube (PMT). When there is significant
depth to the specimen or when conduction optical sectioning, multiple images are captured
to obtain each axial slice of the specimen. This is achieved by moving the objective very
precise amounts to obtain each axial slice. This movement of the objective is extremely
critical for calculating three dimensional renderings of the sample and is discussed later.
Each image ‘slice’ represents the depth into the specimen and where features in the specimen are absent at that depth, there will not be any photons incident on the PMT due to
the blocking from the pinhole. Axial sectioning of the specimen can be obtained by simply considering one image from a particular depth into the specimen. When the overall
image of the specimen is desired, each of these image slices is then combined digitally by
considering each pixel location independently. An algorithm is implemented at each pixel
location such that the greatest digital count at that location is extracted from the slices and
used as the digital count in the final composition image. This process is repeated for each
pixel location and thus an apparent infinite depth of field (limited by the working distance
of the lens) is achieved.
The apparent infinite depth of field is limited by the working distance of the objective
because if there were features in the specimen that were deeper into the specimen than
the working distance of the objective, the objective would not be physically able to get
close enough to get those features in focus. The process of taking multiple image slices
and compiling each in-focus image into one image with overall focus can be implemented
in conventional digital microscopes using digital image processing to make decisions on
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which slice contains the ’in-focus’ pixel. This process of relying on image processing
is rather limited and has a large variation of success depending on the specimen, unlike
confocal systems were the pinhole physical constrains the light is specimen independent. It
is also worth mentioning that each of the images captured are in grayscale and not in color
as obtained by conventional microscopes.
Three dimensional image rendering can be obtained using the relative location of the
objective lens for each image slice. By moving the objective in very small amounts between
each image slice different pixels will have different digital counts dependent on whether
there is a feature in specimen at that three dimensional location. The digital count will
reach a maximum value at the objective location corresponding to the depth at which that
feature is in optimal focus.
One of the major advantages of CLSM is the blocking of scattered light that is not
in focus. Light that is scattered from a volume that is not in focus cannot pass through
the pinhole that would otherwise blur the image and decrease contrast. This is apparent for
specimens that have a relatively large range in depth and can be clearly observed in imaging
of PEMFC GDL materials. Figure 2.3 exemplifies the difference between conventional and
confocal laser microscopes while imaging a GDL. In Fig. 2.3(a), only a small portion of
the GDL’s fibers can be seen and the rest of the image is out of focus due to the limited
depth of field of the objective. This same area of the GDL is drastically different when
imaged with a CLSM as shown in Fig. 2.3(b). The improved image spatial resolution and
contrast as well as the apparent infinite depth of field in the CLSM image clearly show the
advantage of a CLSM over a conventional microscope. Since the CLSM takes a series of
images at a sequence of depths and then composes all of the measured digital counts into
one image, an apparent infinite depth of field was achieved.
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(a) Conventional microscope image of a GDL

(b) Confocal laser scanning microscope image of a
GDL

Figure 2.3: Conventional versus laser confocal microscope images of a GDL material. Note
the increase in the depth of field and contrast in the CLSM image.

2.2.2

Infrared

Infrared is a general classification of electromagnetic (EM) radiation ranging in wavelengths from roughly 780 nm up to 1 mm. This regime of the electromagnetic spectrum
can be further divided into near infrared (0.7 µm ≤ λ ≤ 1.0 µ m), short-wave infrared (1.0
µm ≤ λ ≤ 3.0 µm), mid-wave infrared (3.0 µm ≤ λ ≤ 5.0 µm), long-wave infrared (7.0
µm ≤ λ ≤ 14.0 µm), and very-long wave infrared (15.0 µm ≤ λ ≤ 100 µm). Each of
these bands can reveal different information and detectors are generally designed to detect
in one of these ranges. Imaging system designed for these bands of the EM spectrum are
analogous to visible systems with the exception of materials (sensor and optics). External
infrared light sources are not necessary and are generally not used. Any object above absolute zero will emit EM radiation in the infrared and thus the emitted light is measured
along with any reflected infrared light from the surroundings. Temperature measurements
can be obtained through system calibration or with sufficient knowledge of each element
of the system. Emissivity, reflected temperature of the surroundings, distance to the specimen, and external optics all have to be considered for accurate temperature measurements.
In addition to temperature measurements, contrast between objects can be obtained from
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differences in geometry as well as emissivity.
Infrared transparent PEMFC are similar to those used in visible with the exception of
the window material selection. Transmission spectra have to be considered to ensure that
the band of light to be detected will pass through the window in nearly equal amounts.
Not meeting this criterion will result in a distorted image or no image at all. Many studies
have used infrared windows such as sapphire, ZnSe, CaF2 , ZnS, MgF2 which are transparent in the both visible and mid-wave infrared. Silicon can also be used for a mid-wave
infrared window but does not transmit visible wavelengths. Infrared is generally used to
obtain temperature information but different materials at the same temperature can also be
differentiated in infrared images.
Digital infrared cameras are not as a mature technology as digital visible responsive
cameras due to customer demand and availability of high quality raw materials. Large
focal plane arrays are generally not available for infrared sensors, where they are readily
available for visible light sensors. Even with equivalent sensors and optics, the theoretical
spatial resolution for infrared imaging is somewhat lower than visible as per Eq. 2.7.
Imaging in the infrared spectrum for PEMFC research has typically been used to obtain
temperature distributions [109–115] and some have extended the use of infrared photons
to measuring water content based on absorption [116–118] but the technique is not limited
to temperature measurements. Infrared imaging can measure the optical properties of the
specimens similar to visible imaging except that it measures lower energy IR photons.
Infrared photons can be used to identify objects in the scene based on reflection, absorption,
transmission, and emission contrast. The image in Fig. 2.4 is an example image captured
in mid-wave infrared of a GDL surface with water present. The grayscale bar is in degrees
Celsius and the temperature measurements were calculated assuming a uniform emissivity
of 0.95. The GDL and water were both at room temperature but due to differences in
emissivity and geometry to the two isothermal materials are clearly differentiated.
Hakenjos et al. [109] simultaneously imaged the cathode channels and temperature
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Figure 2.4: Infrared image of water on a GDL material at ambient temperature. Temperature measurements assume uniform emissivity of 0.95 and scale is in degrees Celsius.

distributions while sampling the current distribution in a PEMFC. Visible and long-wave
infrared imaging were accomplished through the use of a ZnSe observation window which
is fairly transparent for visible and long-wave infrared. The authors reported a minimum error in temperature measurements of less than 0.3◦ C. It was found that areas of high current
density have higher temperature due to the heat released from the reaction.
Ishikawa et al. [110] studied water formation on the cathode CL below 0◦ C simultaneously in visible and infrared spectra. An interesting experimental setup was constructed
utilizing a cold mirror which transmits the infrared and reflects the visible radiation transmitted through a sapphire window. The cold mirror was placed at 45◦ relative to the GDL
through-plane direction which allowed for imaging of the same field of view in both imaging modalities. A gold mesh was used as the cathode GDL and allowed for direct observation on the catalyst layer. The infrared imaging system was able to measure water
temperature through the sapphire window to within 1C. The authors observed that liquid
water traveled through the catalyst layer under subzero cell conditions. The water droplets
that formed and grew on the CL were in a super-cooled state. When the super-cooled state
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was broken, the droplets’ temperature increased to 0◦ C and the droplets froze. The heat of
solidification was observed by the infrared camera at the moment when the super-cooled
state was broken and the droplet froze.
Ishikawa et al. [111] investigated water dynamics in the cross section of a cathode
GDL under cold start conditions of -10◦ C. Simultaneous visible and infrared imaging were
conducted on the fuel cell through a sapphire window at the end of a gas channel. The
spectral response of infrared camera used was not given but quoted as to having 10 µm
spatial, 1/30 s temporal, and ±1◦ C temperature resolutions. It was observed that when a
purge of dry gas was not implemented; ice formation at the GDL/MEA interface formed
and blocked gas transport. The maximum current density that was achieved without an
initial purge was 0.15 A/cm2 due to ice formation along the GDL/MEA interface. When
a purge of dry gas was implemented prior to running the cell, super-cooled water was
observed to form and travel through the GDL to the channel. The super-cooled water
formed a droplet on the surface of the GDL. Super-cooled water at the GDL/MEA interface
was observed to freeze after 268.5 s but the droplet on the GDL surface remained supercooled until 378.0 s when it froze. Heat of solidification was captured at the time that the
super-cooled water froze at the GDL/MEA interface and was observed to spread along the
interface. This study showed that an initial purge prior to start-up super-cooled conditions
can allow for liquid water transport through the GDL.
Shimoi et al. [112] conducted a thermal imaging study for which they measured the
temperature of the GDL along the gas channels. According to the authors, the temperature difference between the GDL and MEA should be very small, which suggests that the
temperature measured for the GDL was considered to be the same as the MEA. A Thermotracer TH5104 with spectral response in the mid-wave infrared was used for the infrared
measurements. For the experimental setup the temperature measurements were estimated
to be within ±2-3◦ C. It was verified that higher average current densities have a greater
overall temperature along the membrane. Hot spots were observed initially near the inlet.
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These hot spots could lead to localized temperatures that exceed the limit that the MEA
can withstand without signification degradation. The localized hot spots near the inlet were
found to cancel on each electrode for a counter flow configuration using low (42 % RH)
humidified H2 gas to yield a uniform MEA temperature.
Son et al. [113] studied deactivation of an improved catalyst (Pt/γ-Al2 O3 ) by using
long-wave infrared temperature measurements of a catalyst layer. A catalyst bed was sandwiched by two layers of glass wool and enclosed in a quartz tube reactor. Thermocouples
were positioned inside the reactor to measure the inlet and outlet gases. The thermocouples
were also used in conjunction with an infrared camera to obtain the effective emissivity of
the reactor. The infrared camera used had a temperature precision of ±2 %. Temperature
distribution along the reactor was obtained and analyzed as a function of input gases. The
temperature measurements gave insights into the deactivation of the catalyst due to CO
poisoning.

2.2.3

Fluorescence

Fluorescence microscopy utilizes the phenomenon of fluorescence to observe specimens
opposed to using the reflected light used in conventional microscopy. Fluorescent dye is
added to a water reservoir in small concentration as to not change the bulk properties. The
specimen is illuminated with light in the spectral band that is specific to the dye added. The
fluorescent dye will absorb this narrow band of photons, dissipate some of the absorbed
energy, and emit a narrow band of photons of a longer wavelength. The emitted light can
then be collected by an appropriate imaging system responsive to the energy of the emitted
photons which are typically in the visible range. A narrow band source, such as a laser, is
used to illuminate the specimen and filters are used to collect only the narrow band emission. Spatial resolutions are theoretically equivalent to reflection microscopy but temporal
resolutions could be significantly reduced if the excitation illumination scans the specimen.
Ex situ experiments have been conducted to use fluorescence microscopy for PEMFC water
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management research. One advantage of this technique compared to conventional reflection microscopy is that the location of water can be precisely determined. In conventional
reflection microscopy, the location of water on the specimen can be uncertain due to the
intrinsic transparency of water. In fluorescence, water is the source of the collected light
and thus the location can be determined directly from the image. Imaging the specimen using filters centered about the emission wavelength differentiates the dye (in turn the water)
from the rest of the specimen. Application to GDL in situ experiments would require novel
methods to be used in the design of the experimental setup.
The utilization of fluorescence has enabled a variety of water transport studies that are
significantly improved or even impossible with conventional reflection microscopy including water transport through the GDL [119–122], channel-GDL interaction [119], water film
thickness in channels [123], GDL internal wettability [124, 125] and water content within
the membrane [126–128].
Litster et al. [122] developed the novel technique of using fluorescent microscopy to
capture water transport in a GDL. Fluorescein was added in small amounts to a water
reservoir such that the properties of water remained unchanged and yet still obtained a
fairly strong emission signal. Water was supplied by a syringe pump from under the GDL
sample that was held in place by the test section. A blue light source was incident on the
GDL as the water traversed from below. The fluorescent dye absorbed the blue photons,
dissipated some of the photon energy, and emitted photons at a longer wavelength (λ ≈ 510
nm) than the absorbed photons. Images of the water solution as it traversed the GDL sample
were captured at 4 fps with a pixel resolution of 5.35 µm. The intensity of the light captured
from the Fluorescein was correlated to the height of the solution. With the correlated height
measurements, 3D renderings were created. They used the computed 3D images to reveal
more information about water transport through the GDL. A contour plot of the height of
the water was computed and used to analyze adjacent paths that the water took to reach
the surface. A temporal plot of each water path revealed that the paths are interconnected
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within the GDL. A velocity contour plot further validated this claim by showing that when
one path began to rise, an adjacent path was observed to be receding. It was found that the
method of transport in the GDL was dominated by fingering and channeling rather than the
previously thought ’upside-down tree’ capillary network.
Bazylak et al. [120] utilized fluorescence microscopy to study the effect of compression
on ex situ water transport in a GDL. The fluorescent dye, Fluorescein, was added in a
small amount to a water reservoir. Fluorescein has a maximum absorbance and emission
at 490 nm and 513 nm respectively. The addition of the fluorescent dye in such a low
concentration (83 ppm) had negligible effects on the water properties. A blue light source
was used to provide the absorption wavelengths and any wavelength shorter than that of
the fluorescent dye’s emission was filtered out. The emitted light was captured using a
digital visible microscope (Leica Microsystems DML) using a 1.25x objective to provide a
field of view that included compression regions of the GDL. The GDL was placed between
a Plexiglas plate and an O-ring to supply the compression. The water solution reservoir
was placed underneath the O-ring and fed from a syringe pump. The Plexiglas plate had a
2mm hole to allow space for the water after reaching the surface of the GDL. The height of
the fluid was correlated to the light intensity captured by the relation proposed by Litster
et al. [122]. Together with the calculated height, the 2D images were used to construct
3D images of the water traversing the top layer of the GDL. The authors also correlated
their images to pressure measurements during the experiments. It was found that there is a
breakthrough pressure needed for the water to traverse the GDL to the surface and it was
found to be in the range of 4.8-5.8 kPa for their trials. It was also found that areas that
were compressed became preferential areas for water breakthrough, contrary to what was
expected. The areas under compression were thought to have small pore radii and thus
prohibit water transport. Scanning electron microscope (SEM) morphology study was also
conducted to understand this phenomenon and revealed that the compression caused PTFE
coating to break and produced more hydrophilic areas that favored water transport.
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Bazylak et al. [119] conducted a study of droplet formation and detachment from the
surface of a GDL into a gas channel using fluorescence microscopy. Fluorescein dye was
used in low concentration in a water reservoir as to not modify the properties of water. The
solution was injected from one side of a GDL and emerged on the other in a gas channel
made of polydimethylsiloxane (PDMS). PDMS has a contact angle of 78◦ which is similar
to graphite (70-80◦ ) used in typical PEMFCs. A 5x objective was used and the images were
captured at a rate of 9.3 fps with a pixel binning of 4 x 4. The imaging system had a spatial
resolution of 8.14 µm/pixel. It was found that the droplet diameter at detachment (in the
absence of pinning) is constant for a given air flow rate. For a water flow rate of 5 µm/min
and air velocity of 2 m/s, the detachment diameter was 2.4 mm.
Esposito et al. [129] used fluorescence imaging technique to study the oscillations and
removal of water droplets in an ex situ air flow channel. The authors used digital video
processing to determine the dominate frequencies of vertical and horizontal oscillations. It
was found that the droplet oscillation frequency does not depend upon air velocity and is
only dependent on droplet size. Fishman et al. [130] used fluorescence imaging to reveal
the unpinning of microdroplets on GDL materials and related the phenomenon to GDL
surface topography.

2.2.4

X-ray

X-ray photons have much shorter wavelengths than infrared or visible, roughly in the range
of 0.01 nm≤ λ ≤ 10 nm. X-ray wavelengths are so short they are generally referred to by
their energies which range from 120 eV to 120 keV. X-rays are so highly energetic that
they interact with matter more like particles than waves. X-ray imaging systems can use
beam attenuation or diffraction to obtain information about the specimen. X-rays are more
likely to be attenuated by more dense (due to density or atomic number) than less dense
materials. This is due to the density of the electron cloud of the atoms and molecules that
the incident photons interact with.
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A difference in X-ray absorption results in useful contrast in the image that can be used
to differentiate objects in the specimen. Three-dimensional images can be rendered using
CT by compiling multiple two-dimensional images or ’slices’ into one three-dimensional
image. X-ray diffraction (XRD) is routinely used to reveal the crystal structure of materials
but also can be used to reveal the hydration state of a proton exchange membrane (PEM)
in an operating fuel cell. X-ray images are typically captured through the use of scintillator
that converts the X-ray photons into visible light which is then captured with a digital
camera. Hence, the transfer function of the scintillator must be taken into account when
characterizing the imaging system. Due to the extreme difficulties in focusing X-rays,
materials are not readily available (if at all) for use as X-ray lenses as there are for visible or
infrared light. As a result, achieving the limiting spatial resolution governed by Eq. 2.7 has
been very difficult. Therefore, the maximum resolution will be limited by the scintillator’s
resolution.
X-ray imaging systems can reveal details of fuel cell materials that cannot be obtained
from other imaging techniques. The high energies of X-ray photons enables imaging
through GDL material to measure a two-dimensional image (shadow image). Other optical imaging techniques cannot traverse the GDL due to low transmission of lower energy
photons. X-ray microtomography can reveal the three-dimensional structure that is essential in understanding water transport. X-rays are greatly attenuated by metals which require
significant modification to fuel cell hardware to allow for the beam to pass through the cell
materials.
X-ray imaging techniques are being pursued as an additional imaging modality for
PEMFC research. X-ray attenuation of synchrotron [131–137] and non-synchrotron [138–
141] sources have shown potential to be valuable techniques for water management studies
of PEMFCs.
Albertini et al. [131] showed the feasibility of using X-ray diffraction (XRD) of a synchrotron source to measure the hydration state of a Nafion membrane. The study was con-
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ducted using the high-energy 87 keV X-ray beam at ID15 line of the European Synchrotron
Radiation Facility (ESRF) in Grenoble. This was the first study of in situ time-dependent
water content in a Nafion-like membrane fuel cell. A special test section was developed
to avoid using the usual PEMFC materials that absorb X-rays and distort the diffraction
pattern. A Nafion membrane was restored to its original H+ form and placed between two
Toray carbon papers and the whole assembly was enclosed by two Teflon cylinders. The
XRD pattern of dry the membrane was used as reference for comparison to the XRD pattern of a hydrated membrane. A hydrated membrane was imaged as it reached equilibrium
with the ambient relative humidity. The hydrated membrane’s XRD pattern showed localized deviation from the dry sample. By measuring the difference between these localized
deviations, relative hydration measurements were obtained as a function of time.
Lee et al. [138] showed the feasibility of an X-ray imaging system to measure water
thickness from the attenuation of a conventional X-ray source. Using an X-ray tube and Xray camera they found that attenuation due to iopamidol increased linearly with thickness.
The attenuation was also able to clearly show contrast between water and GDL materials.
Manke et al. [134] visualized water in a PEMFC utilizing a synchrotron X-ray source at
the tomography facility of the BAMline at the Synchrotron BESSY in Berlin. The cell had
8mm holes drilled into the endplates to allow for the transmission of X-rays through the
cell. The imaging system used was capable of achieving 3-7 µm spatial resolution using a
Princeton VersArray 2048B camera. As in neutron radiographs, each image obtained was
normalized by an image of the dry cell to observe the presence of water under operation.
The amount of water was quantified by using the attenuation coefficient of the transmitted
X-rays. Water was observed to accumulate and discharge from pores in an ’eruptive transport’ in a cyclic fashion. This eruptive transport was described as many droplets emerging
from the GDL into the channel and forming a single droplet in less than 5 s. The evacuated
pores began to fill up again and the process was repeated with a constant frequency. There
were also areas where the amount of water was fairly constant which indicated that the
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water was in a state of continuous flow.
Sinha et al. [139] used X-ray microtomography to quantify liquid water content in a
PEMFC using beam attenuation. The sample was rotated in the X-ray system to obtain 15
2D projections or slices of the sample that were used to construct 3D images of the sample.
A dry 3D image of the sample was obtained in this manner. To fully saturate the GDL with
water a vacuum was applied to the top of the sample and water was supplied at the bottom.
With the GDL saturated, CT was implemented to create a 3D image of the ’wet’ sample.
Each voxel of the dry and wet samples were used for each voxel of the images obtained
during purge to calculate the liquid water saturation at each voxel location. After the cell
was saturated, it was purged by applying N2 at room temperature at 5 L/min. During purge,
the 15 slices were obtained periodically to map the water transport. The amount of water
removed from the cell was determined to decrease exponentially with purge time. It was
also found that very little water was removed from the GDL after 6 min of purge time at
room temperature.

2.2.5

MRI

Magnetic resonance imaging (MRI) utilizes the nuclear magnetic resonance (NMR) of the
particles (usually protons) to locate their position within a specimen. A strong static magnetic field (1-14 T) aligns the spin of the particles along the axis of the applied field. There
are two possible orientations for the spins which slightly differ in energy. A secondary
field oscillating at radio frequencies with energy equal to the difference between to spin
states will be absorbed and excite the lower energy spin states into the more energetic state.
As the excited spin states decay back into the ground state, they emit photons with energy
equal to the energy difference between the two states. A gradient in the static magnetic
field is used to differentiate the location of the spin states along the field. The emitted
photons are measured and used to calculate the location of the spin states. MRI applied to
PEMFC research requires significant modifications to the fuel cell. Ferromagnetic materi38

als cannot be used for MRI due to the strong magnetic field used. Even materials with high
conductively must be used sparingly to mitigate noise in the NMR signal.
Measurement of water within PEMFCs using MRI has been proven as a viable method
with significant necessary modification of the conventional materials [142–154]. Throughplane studies utilizing MRI techniques have recently been successful in resolving water
content in relatively thick PEMs that would not currently be possible using typical membranes (≤ 50 µm) due to spatial resolution limitations. These studies have investigated
water distribution in the through-plane direction of PEMs and catalyst coated membranes
(CCMs) in an ex situ environment [155] using a relatively thick membrane (254 µm) and
has also been applied to in situ experiments using a somewhat thinner (178 µm) membrane [156]. Spatial and temporal resolutions are much lower than the other imaging techniques presented but further research is improving the spatial and temporal resolutions.
Feindel et al. [145] were the first to use NMR imaging to obtain in-plane water distribution in an operating PEMFC. The NMR imaging system used had a 7.05 T superconducting
magnet. The system was able to capture at the pixel resolution of 234 x2 34 µm with an
acquisition time of 128 s. An initial image of the specially designed fuel cell was captured
and used as a comparison for different operating conditions. It was found that high cathode gas velocities (50 mL/min) removed the water from channel but resulted in membrane
dehydration. Reducing the cathode flow rate increased the water content in the PEM and
water accumulated back into the channel. Counter-flow configuration produced a fairly
uniform hydration state for the PEM whereas co-flow resulted in dehydration near the inlets. This was the first study where NMR was used to capture the water distribution in an
operating PEMFC and proved that NMR can be successfully applied to PEMFC research.
Dunbar and Masel [143] obtained the first 3D quantitative images of the water distribution in an operating PEMFC utilizing MRI. The MRI imaging system used a 14.1T magnet
and the flow fields were constructed out of Teflon because convectional magnetically conductive graphite cannot be used in the high magnetic field of a MRI machine. The small
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active area (1cm2 ) of the cell allowed the use of solid gold current collectors which added
minimal noise to the signal. To quantify the amount of water present in the fuel cell, three
small glass capillaries with internal diameters of 0.9 mm were added to the cell oriented
in each dimension. The capillaries were filled with pure water and were used for calibration. By measuring the received signal from these capillaries with known volumes, the
signal from the rest of the cell can be correlated to actual water content. Their voxel size
was 138 x 138 x 200 µm where the 200 µm was in the thickness direction. The temporal
resolution of the MRI machine was determined by the acquisition time of 4 min 19 s to
complete the sequence. Due to the magnetically inductive nature of carbon, no signal can
be obtained from the carbon cloth used as the GDL. The authors found that water transport
in the channels exhibited a slip and stick behavior in the form of waves. Under no cell
conditions tested did they observe slug flow and only wavy-stratified flow was observed.
Dry hydrogen was used to determine the dominant phenomenon controlling water transport
on the anode of the cell. Under low current density (200 mA/cm2 ) water was observed in
the anode flow channels. This implies that back diffusion and capillary back pressure were
dominant over electro-osmotic drag. This was further confirmed by examining the water
concentration in the anode inlet and outlet.
Dunbar and Masel [144] improved upon their previous MRI study [143] of PEMFCs to
better resemble commercial PEMFCs. A graphite layer (Aquadag) was painted on the flow
fields used in their previous study to resemble the flow fields of a commercial PEMFC.
Under various operating conditions, similar images were obtained with 138 x 138 x 200
µm voxel size and 4 min 19 s acquisition time. The water flow in the channels exhibited
the same behavior of stick and slip wavy-stratified flow previously observed. The flow
fields were examined in fine detail utilizing a visible light image. They found small defects
in the channels that corresponded to areas where the flow could get stuck. It is possible
that these defects could be the cause of the stick/ slip method of flow in the channel but it
was not conclusive from the study. The observation that back diffusion and back pressure
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are dominant over electro-osmotic drag for low current densities (200 mA/cm2 ) was made
for the graphite coated channels. It was also observed that at high current densities (500
mA/cm2 ) there was no water measured in the anode. Thus, at high current densities electroosmotic drag dominates over back diffusion and back pressure.

2.2.6

Neutron

Nuclear interactions are employed in neutron radiography to obtain image contrast. Unlike photons, neutrons strongly interact with the nuclei of atoms rather than electron cloud
interactions of the former. However, neutron radiography systems are similar to X-ray
radiographs and complimentary in the information gathered due to the atomic number dependence of attenuation. Neutrons are emitted from a source and collimated into a beam.
The collimated beam is then incident on the specimen and the remaining unattenuated neutrons encounter a neutron sensitive scintillator which converts the neutrons into photons.
These photons are then measured by a visibly responsive sensor. A typical camera would
be damaged by the neutron beam so a mirror is used to reflect the photons perpendicular
to the neutron beam such that the camera is not in the neutron path. Neutron attenuation
is generally greater for low atomic number than for high atomic number elements and thus
contrast can be achieved in the collected image.
The attenuation due to hydrogen nuclei is quite high compared to carbon, copper, and
other commonly used fuel cell materials. This makes neutron imaging an ideal modality
for water management studies for PEMFC research because water content can be measured
without modification to the cell. Through calibration the amount of beam attenuation can
be related to water thickness along the beam path. This is usually accomplished by taking
a ’dry’ image of the cell to measure the beam attenuation due to fuel cell components and
hardware without water present. This ’dry’ image is used as a reference image and each
image collected during testing is normalized by it. The resulting processed image is then a
measurement of the attenuation due to the presence of water.
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Neutron imaging systems are very expensive and there are just a few locations with high
neutron fluence sources [64]. However, neutron imaging systems have unparalleled ability
to measure water content without having to modify the fuel cell. Spatial and temporal
resolutions are significantly less than the optical techniques previously described. A major
limiting factor in spatial and temporal resolutions is the beam divergence. The ratio of
the distance from the aperture of the collimator to the specimen, L, to the diameter of the
aperture, D, can be used to characterize the divergence. A low L/D ratio results in blurring
of the image but a high L/D requires a longer exposure time. This ratio must be optimized
for the particular source-collimator system [157].
There have been many PEMFC studies that have utilized neutron radiography to detect
the water distribution in the in-plane direction of the fuel cell materials for which the neutron beam is perpendicular to the face of the membrane [158–180]. The spatial resolution
required to obtain the in-plane distribution is not as critical as when acquiring the throughplane water distribution where the neutron beam is parallel to the face of the membrane,
simply due to thicknesses of commonly used fuel cell materials. Recently, high resolution
neutron imaging has been applied to resolve the through-plane water distribution that is
capable of distinguishing the anode versus the cathode water accumulation [157,181–184].
Bellows et al. [185] used neutron radiography to conduct the first differential water
gradient across a Nafion membrane. A thick (500 µm) membrane was made by thermally
bonding four layers of Nafion 117 and used in their study. The thicker membrane provided
the necessary data points for water gradient measurements. The authors were able to obtain
a dynamic range of 100 between wet and dry membrane conditions and thus validated
that neutron radiography can provide sufficient data for water content analysis in an in
situ experiment. Chen et al. [159] were able to distinguish four types of areas through
fuel cell design and use of digital image masks to isolate them in the neutron images.
They imaged in the through-plane direction to obtain the in-plane water distribution with
a neutron imaging system. The anode and cathode channels were shifted by one channel
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width to enabled through- plane observation of anode channel-rib (land), cathode channelrib, anode channel- cathode-channel, and anode rib-cathode-rib areas. These areas were
isolated in the resulting digital images by using image masks. The image masks digitally
isolated these locations by changing the pixel values of areas outside of the area of interest
to zero (black) leaving the area of interest unaltered.
Hickner et al. [181] were able to obtain high resolution neutron images of the throughplane water distribution of the center of a 2.1 x 7.7 cm active area cell. Neutron sensitive
microchannel plates (MCP) were used to collect and quantify water content. MCP used
in their study had pixel resolution of 16.4 x 16.4 µm which enabled differentiation of the
cathode and anode as well as the membrane. It was found that at moderate current densities
(near 0.75 and 1.00 A/cm2 ) water accumulation could not break through the MPL and
resulted in a portion of the product water being forced through the membrane to the anode.
Owejan et al. [169] used a scintillator and CCD camera system to record neutron radiographs of an operating 50cm2 PEMFC. It was found that less water was retained in
triangular channels than rectangular. GDLs with lower in-plane gas permeability also were
found to retain less water. An unexpected result of the study was the fact that gravity had a
significant effect on water accumulation in the gas distribution channels.
The imaging studies used to date to study water transport in PEMFC have been successful in providing an abundance of information on water behavior throughout the fuel
cell layers and are at various stages of development. Each imaging modality has proven to
be successful in studying water management and have provided unique visualization of water in PEMFCs. The success thus far of these techniques and desire for improved resolution
(spatial, temporal, water thickness, etc.) provides sufficient motivation for each modality to
continue to be pursued in parallel. Visible and neutron imaging will remain as the two most
valuable imaging modalities for water management studies as the result of high spatial and
temporal resolutions and ability to measure water thickness without cell modification, respectively. Infrared and fluorescence microscopy will continue to provide valuable fuel cell
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temperature distributions and microscopic water transport phenomena. X-ray and MRI will
continue to be developed to improve resolutions and reduce the modifications to standard
fuel cell materials for in situ studies. Imaging techniques have proven to be invaluable tools
in the quest for a complete understanding of water management phenomena in PEMFCs.
A comprehensive model describing water transport (and hold-up) from the cathode CL,
through the MPL and GDL, and into the gas distribution channels will provide fuel cell
engineers with an invaluable tool for PEMFC material optimization.

2.3

GDL Liquid Transport

Liquid water transport from the cathode catalysts layer through the MPL (if present) and the
GDL into the channels is an area of intense research as discussed in section 1.2. The transport of liquid water through a GDL is a drainage process in which water, as a non-wetting
fluid, displaces the wetting fluid, air. The drainage process in porous media is commonly
characterized by two non-dimensional numbers, the capillary number and viscosity ratio
(M=µnw /µw ) of the fluids. The capillary number is defined as:

Ca =

uµnw
σ

(2.10)

where u, µnw , and σ are the velocity, viscosity, and surface tension of the non-wetting fluid.
When water is injected to a porous media at low a constant flow rate the viscous force is
negligible and the displacement will be dominated by capillary forces. At normal PEMFC
operating conditions the capillary number is in the range of 10−8 -10−5 and the viscosity
ratio is M=µwater /µair = 17.5 which results in capillary driven flow [27, 186]. One of the
critical constitutive relationships for describing capillary flow in a porous material is capillary pressure versus liquid water saturation (Pc vs. Sw ). This has been the focus of several
recent investigations [187–189]. A permanent capillary pressure hysteresis between liquid
water injection and withdrawal has generally been observed. Gostick et al. [188] accounted
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for the capillary hysteresis in terms of the contact angle hysteresis and the pore geometric effects. It should be noted that all these works measured the GDL saturation up to 1,
which may be correlated to the GDL under the ribs where the drainage of water is restricted
and water remains confined in the GDL. However, for the GDL under the channels, water
drainage is quite different because water in this area can be easily removed in the form of
droplets and films as well as slugs causing a lower saturation in the GDL. Because of this
fact, the GDL saturation in an operating fuel cell is non-uniformly distributed [133, 190].
The dynamics of the liquid water transport through a GDL is also of interest to understand the resistance of reactant gas transport due to water accumulation. However, this
has been barely studied until recently due to the difficulties of observing water transport
phenomena inside the GDLs. Nam et al. [191] and Nam and Kaviany [192] observed
vapor condensation and liquid breakthrough in a GDL using an environmental scanning
electron microscope, and proposed a tree-like transport mechanism in which microdroplets
condensed from vapor agglomerate to form macrodroplets which eventually flow preferentially toward larger pores and breakthrough. However, this method is not possible to
simulate fuel cell operating conditions due to the vacuum requirements. Pasaogullari and
Wang [193] also hypothesized a tree-like water transport behavior in GDLs in their twophase flow model. Lister et al. [122] visualized liquid water flow as it emerged from the surface and a few micrometers below the surface of a GDL using a fluorescence microscope.
They observed that water emerges from preferential pathways and suggested a “fingering
and channeling” mechanism for water transport in GDL pores. Bazylak et al. [120] found
that the preferential water pathways coincided with the compression areas in the GDL,
which they accounted for by a loss of GDL hydrophobicity due to the fiber breakup and
PTFE coating deterioration caused by compression. In a later study, Bazylak et al. [119]
observed the dynamic changes in breakthrough locations for water transport through a GDL
and explained it using a dynamic and interconnected network of water pathways within the
GDL. Gao et al.s [121] confocal microscope visualization revealed an unstable “column
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flow” in GDLs, which is similar to Lister et al.s fingering model [122], except that wider
flow paths spanning several pores are observed. Manke et al. [134, 167] and Hartnig et
al. [132] investigated the in situ liquid water evolution and transport in an operating fuel
cell with synchrotron X-ray radiography. They observed an “eruptive transport” mechanism in GDL pores near the channels, which they describe as the quick ejection of droplets
from the GDL into the gas channels. However, water fills continuously in the GDL pores
under the central land following a capillary tree-like process [192,193]. Both the ex situ and
in situ experiments have clearly demonstrated that there exist fast “water transport channels” within a GDL and that the water transport and breakthrough are dynamic processes.
However, the morphology of transport channels and the dynamics of water transport in
these channels need further investigation.
Theoretical treatment of water transport in a GDL has been the focus of several models.
A large number of works are based on the continuum two-phase flow model [26,192–195],
which describes the flow and transport on the basis of Darcys law. Unfortunately, GDLspecific experimental data on many of the necessary relationships and parameters, such
as the water saturation dependent relative permeability, effective diffusivity, and air-water
capillary pressure, are scarce, making the application of these models to GDL materials
questionable. As an alternative approach, a pore-network model, which has a long history
in the study of porous media like soils and rocks [196], has recently been used in modeling
water transport in GDL materials [19, 23, 24, 27]. The pore-network model maps a complex pore space continuum onto a regular network of pore bodies interconnect by throats.
Several works have shown that invasion-percolation process, which is a strongly capillarydriven process at the limiting case of zero fluid velocity, may be an important mechanism
for water transport in GDL. However, most of the pore-network models [19, 24] focus on
the numerical determination of the macroscopic two-phase properties, such as the capillary
pressure versus saturation correlation (Pc -Sw curve) and the relative phase permeability as
a function of Sw , and little work has been done to clearly understand the mechanism of
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water transport through a GDL.
The presence of a MPL on GDLs has been shown to improve the fuel cell performance,
but the roles of (or mechanisms within) MPL are not clearly understood. It has been postulated that MPL improves the fuel cell water management and mass transport, e.g., avoiding
fast dry-out of the PEM at low current densities and electrode flooding at high current densities. Several authors [197,198] have demonstrated that the MPL improves the humidification of the membrane at the anode side. Jordan et al. [198] and Kong et al. [199] concluded
that the MPL enhances oxygen diffusion by reducing flooding in the cathode. The critical
role of MPL in reducing flooding is a result of the modification of the pore structure (e.g.,
porosity, pore size distribution, hydrophobicity, and nonuniformity) of GDL, has received
wider acceptance in many recent studies [200–203]. Weber and Newmann [204] and Lin
and Nguyen [205] explained the function of MPL in reducing the cathode flooding as a
capillary barrier, which prevents water from entering the cathode GDL and forces water
to permeate from cathode to anode. However, recent experimental studies show that MPL
does not significantly influence the water back-diffusion rate [206, 207]. Alternatively, the
role of MPL in control of water distribution has been proposed in the theoretical treatment
of water saturation distribution in multi-layer electrodes [191, 192]. The authors suggest
that the MPL reduces the water saturation in GDL near the catalyst layer and therefore
improves the cell performance. In this way, the MPL enhances the cathode water transport
rather than hindering it. Gostick et al. [208] measured the water saturation and associated
capillary pressure at the point of water breakthrough in GDL samples with and without
MPL. Their data demonstrated that the GDL saturation at water breakthrough is drastically
reduced in the presence of MPL, suggesting that an MPL restricts the number of points of
entry of water into the GDL. However, pore scale phenomena associated with the movement of liquid water and its interplay with GDL pore structure and wettability warrant
further investigation.
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2.4

Approach

In this work, fundamental transport mechanisms were investigated through three interrelated approaches in an attempt to increase understanding of water transport in and through
GDL materials. The first approach was the introduction of a novel method of mathematically modeling the three dimensional microstructure of GDLs incorporating both carbonized binder and wet-proofing polymer (PTFE). The proposed method closely mimics manufacturing techniques and subsequent characterization of the digital GDLs closely
match experimental measurements of commercial GDLs. The second approach provided
the new capability to study the water transport in the through-plane direction of PEMFC
and measure the temperature gradients across the cathode GDL. This body of work was
accomplished using visible and infrared imaging at various magnifications of a custom
designed through-plane transparent PEMFC. The third approach was used to investigate
fundamental water transport mechanisms through the GDL in a well-controlled ex situ experiment. This approach has revealed newly observed water transport mechanisms and an
improved explanation of the role of the MPL in a PEMFC.
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Chapter 3
Digital GDL Microstructure Generation
3.1

Introduction

Digital generation of GDL microstructures need to incorporate sufficient detail of actual
manufactured GDLs such that the geometric models accurately represent the microstructures while maintaining computational feasibility. Consideration of current manufacturing
techniques provides a systematic approach for algorithm development for representative
GDLs. Gas diffusion layer manufacturing processes result in a random distribution of the
fiber orientations which can be digitally represented as a collection of randomly oriented
cylinders. The degree of anisotropy (in-plane versus through-plane directions) can vary
from zero (isotropic) to highly anisotropic with all of the fibers oriented in one plane, depending on the manufacturing techniques. For wet-laid GDLs, such as Toray TGP-H series,
the microstructure is highly anisotropic and the desired thickness and density of the sample
is achieved by stacking up layers during the molding process of manufacturing [9]. This
process of stacking is mimicked in this work by virtually stacking digitally constructing 2D
layers until the desired thickness is achieved.
The current work expands upon previous stochastic generation studies with a novel
method of incorporating both carbonaceous binder and the widely used PTFE treatment
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utilizing 3D image processing. To the authors knowledge, this is the first attempt in open
literature to include the both the binder and PTFE in virtual GDL generation. Further,
the method of adding the binder is unique in that mimics the wetting property of the precursor material (thermoset resin) used in the manufacturing process. The implementation
of the proposed algorithm was developed in MATLAB R using a toolbox format organization which allows for extension of the current body of work with minimal overhead cost.
Additionally, a new underling framework (based on Schladtiz et al. methodology [39]) is
introduced allowing for intuitive input of the desired GDL physical parameters such as fiber
radius, GDL thickness, porosity, percent binder, percent PTFE, and voxel size through a
user-friendly graphic user interface. Equipped with the virtual 3D GDL, material characterization and boundary conditions required for heat and mass transport simulations can be
extracted in a financially and computationally efficient manner.

3.2

Mathematical Model for GDL Microstructures

The GDL of PEMFCs will be modeled using a simplified mathematical model of intersecting cylinders coupled with three dimensional morphological imaging incorporating the carbonaceous binder and PTFE wetting-proofing treatments. The method of adding the binder
is unique in that mimics the wetting property of the precursor material (thermoset resin)
used in the manufacturing process. The implementation of the overall algorithm (see §3.3)
was programmed using a MATLAB toolbox organization allowing for extension of the current body of work with minimal overhead cost. The development of this framework (Based
on [28]) for digital GDL microstructure generation allows for intuitive input of the desired
GDL physical parameters such as fiber radius, GDL thickness, porosity, percent binder,
percent PTFE, and voxel size through a user-friendly graphical user interface. Equipped
with the virtual 3D GDL, material characterization and boundary conditions required for
heat and mass transport simulations can be extracted in a financially and computationally
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efficient manner.

3.2.1

Three Dimensional Fiber Substrate

The graphitized fiber skeleton of a GDL was initially modeled as a random collection of
cylinders (carbonaceous binder will be considered in §3.2.2). A cylinder oriented along an
arbitrary axis was defined as the collection of all points that are less than one radius from
the axis of the cylinder. The axis of the cylinder was uniquely defined by the unit vector Ĉ
and a point (xo , yo , zo ) that it passes through. For an arbitrary point (x, y, z) in the domain,
the closest point on the axis of the cylinder can be written as:

(xo , yo , zo ) + [(x − xo )Ĉ1 + (y − yo )Ĉ2 + (z − zo )Ĉ3 ]Ĉ

(3.1)

Thus, in order for an arbitrary point (x, y, z) to be contained by the cylinder defined by
Ĉ and (xo , yo , zo ), the squared distance, D, between that point and the closest point on the
cylinder axis (defined in Eq. 3.1) must be less than or equal to the square of the radius of
the cylinder (See Fig 3.1). The distance between points in 3D Cartesian space is given by
the distance formula:

D=

p
(x2 − x1 )2 + (y2 − y1 )2 + (z2 − z1 )2

(3.2)

Using this formulation, any cylinder in 3D Cartesian space is well-defined. Randomization of the collection of digital fibers is achieved through the use of a pseudo-random
number generator for both the orientation, Ĉ, and the point (xo , yo , zo ) it passes through.
To model highly anisotropic GDL, the z-component of Ĉ is suppressed and z0 points are
selected such that the fiber skeleton can be constructed by stacking layers until the desired
thickness is obtained.
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Figure 3.1: Schematic of an arbitrary cylinder of radius r in the direction of Ĉ that passes
through the point (xo , yo , zo ). The distance, D, between the closest point on the cylinder
axis to the point (x, y, z) determines if a point is contained within the cylinder.

3.2.2

GDL Binder and PTFE

The carbonaceous binder in the final GDL material is added as a thermoset resin in the
manufacturing process to allow for flexibility in the final GDL thickness and density [9].
The thermoset resin acts a wetting fluid prior to carbonization as evident in the confocal
laser scanning microscope (CLSM) images of Toray TGP-H-060 without PTFE treatment
in Fig. 3.2. The image shows the binder material has a relatively low static contact angle on
the fibers and generally accumulates at fiber intersections. This process can be mimicked
digitally using morphological image processing on the fiber skeleton. This newly developed method of adding the binder material to the fiber skeleton is representative of current
manufacturing techniques providing a digital representation of the physical interaction of
the binder materials with fibrous substrate.

3.2.2.1

Morphological Image Processing

The area of morphological image processing uses mathematical morphology as a tool to
extract regions of interest within images as well as to pre- and post-process images [209].
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Figure 3.2: Confocal laser microscope images of Toray TGP-H-060 with 0 wt.% PTFE
showing the morphology of the carbonized binder.

The current work is concerned with binary images and thus the discussion will be limited
to such but for the interested reader is referred to [209] for application to grayscale images.
Fundamental to morphological image processing are two basic operations, erosion and
dilation, which are the foundation for many morphological processing algorithms.
Morphological erosion,

, of an image A using structuring element (SE) B can be

defined as [209]:

A

B = {z | (B)z ∩ Ac = ∅}

(3.3)

where z is a point in the image domain (Zn , n = 3 in current work), Ac is the complement
of A, and ∅ is the empty set. Thus, the erosion of A by B is the set of all points z where the
intersection of B with the complement of A is the empty set and has the effect of shrinking
objects in the image. Similarly, morphological dilation, A⊕ of A by B can be defined
as [209]:

A ⊕ B = {z | (B̂)z ∩ A 6= ∅}

(3.4)

where B̂ is the reflection of B about its origin. Dilation has the effect of thickening the
objects in the image proportional to the size and shape of the SE. These two fundamental
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morphological operations can be combined in series using the same structuring element
to perform an opening (erosion followed by an erosion, denoted ◦) and a closing (dilation
followed by erosion, denoted •):

A ◦ B = (A

B) ⊕ B

A • B = (A ⊕ B)

(3.5)

B

(3.6)

Example images of each erosion, dilation, opening, and closing of image are shown
in Fig. 3.3 and Fig. 3.4 using structuring elements of a disk of radius 10 and a 20 x 10
rectangle, respectively.

(a) Original

(b) Eroded

(d) Opened

(c) Dilated

(e) Closed

Figure 3.3: Morphological processing example images using a circular structuring element
of radius 10.

The shape and size of the structuring element will have a profound effect on the output
image and will depend on application and desired outcome. The three-dimensional closing
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(a) Original

(b) Eroded

(d) Opened

(c) Dilated

(e) Closed

Figure 3.4: Morphological processing example images using a 20 x 10 rectangular structuring element.

of the fiber substrate with a spherical SE was chosen to mimic the wicking thermoset resin
to the fiber substrate in the GDL manufacturing process. This morphological closing of
the fibrous skeleton will three-dimensionally add binder material to the substrate in regions
of small crevasses such as the intersection of fibers. The amount of binder material added
to the fibrous skeleton is proportional to the structuring elements radius with precision
controlled by the voxel size. To allow for an intuitive input from the user, a correlation
between percent binder added and structuring element radius was computed for cubic voxel
size of 1/3 µm and 1/2 µm.
The percent binder as a function of sphere radius was computed by taking the ratio of
the binder voxels (obtained by subtracting the initial image from its closing, i.e. a Bottomhat transformation) to the entire binder plus fiber voxels. The resulting correlation for the
1/3 µm cubic voxel structure with 7 µm fiber diameter and 189 µm thickness is shown in
Fig. 3.5 where the spherical SE radius was varied from 0 to 20 and resulted in binder solid
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volume fraction spading 0 to 40 %. The correlation for the 1/2 µm voxel structure with a 7
µm fiber diameter and 189 µm thickness is shown in Fig. 3.6 where the spherical SE radius
was varied from 0 to 25 and resulted in binder solid volume fraction from 0 to about 70 %.
Note from the plots in Figs. 3.5 & 3.6 the 1/3 µm voxels allows for more precise control
over the addition of binder. This effect will also propagate the PTFE generation and needs
careful consideration for the trade-off between computation time/resources and precision
of the target structures generated.

Figure 3.5: Binder correlation using 1/3 µm voxels.

Polytetrafluoroethylene is generally added to GDL materials to increase hydrophobicity
and reduce water holdup allowing for more reactant pathways to the CL. Figure 3.7 shows
a CLSM image of Toray TGP-H-060 with 10 wt.% PTFE treatment. Notice the addition
of very small dark regions that do not appear in Toray samples without PTFE treatment
(Fig. 3.2). A high magnification CLSM image of Toray TGP-H-060 with 40 wt.% PTFE
and 0 wt.% PTFE are shown in Fig. 3.8 for comparison. Notice that the darker regions
that are absent without PTFE treatment appear to be comprised of very small (<0.5 µm)
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Figure 3.6: Binder correlation using 1/2 µm voxels.

particles. This finding is consistent with PTFE resin particles used in aqueous dispersions
for impregnation porous woven goods such as Teflon R PTFE TE-3836 from DuPontTM .

Figure 3.7: CLSM images of Toray TGP-H-060 with 10 wt.% PTFE. Note the dark regions
concentrated in small crevasses not present in TGP-H-060 without PTFE (Fig. 3.2).

An additional morphological closing was conducted for the addition of the commonly
used PTFE. This PTFE closing step was accomplished by using a closing with a spherical
structuring element of a larger radius than the binder step. The weight percent PTFE added
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(a) Toray TGP-H-060 with 0 wt.% PTFE

(b) Toray TGP-H-060 with 40 wt.% PTFE

Figure 3.8: CLSM images of Toray TGP-H-060 with and without PTFE. Note the accumulation of small (<0.5 µm) dark particles percent in (b) that could be attributed to the
addition of PTFE.

to the GDL is controlled by the difference in radii (of the structuring elements) between
the binder and PTFE steps. A correlation of structuring element radius versus volume
fraction PTFE when using 27 wt.% binder in the 1/3 µm voxel structure is shown in Fig.
3.9. A similar correlation for the 1/2 µm voxel structure with 30 wt.% binder is shown
in Fig. 3.10. Note the correlation using 1/3 µm voxels provides more control over the
PTFE addition compared to the 1/2 µm voxel. The 1/3 µm structure generation requires
more memory and computation time to generate the same GDL volume and depending on
application, may provide unnecessary detail.

3.3

Generation Algorithm

The algorithm used in the current work for GDL generation was programmed in MATLAB
with a flexible architecture and graphical user interface. The algorithm uses the following
input parameters:
• Substrate (fibers and binder) porosity
• Fiber radius
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Figure 3.9: Correlation between percent PTFE added and difference in structuring element
radius for 27 wt.% binder with 1/3 µm voxels.

Figure 3.10: Correlation between PTFE addition and difference in structuring element
radius for 30 wt.% binder with 1/2 µm voxels.
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• Substrate thickness
• Volume fraction of binder
• Voxel physical size
• Domain size
• Volume fraction of PTFE
and the digital GDL was generated using the following algorithm:
1. Initiate the state of the pseudo-random number generator
2. Estimate the number of fibers required per layer from porosity and binder VF inputs
3. Randomly generate the point for the fiber to pass through (xo , yo ) for two layers
4. Randomly generate the fiber orientation Ĉ1 , Ĉ2 and normalize for two layers
5. Construct two layers using Eq. 3.1
6. Add binder VF using correlation in Fig. 3.5
7. Compute porosity
8. If necessary: adjust number of fibers and iterate steps 1 &3-7 until porosity converges
9. Generate all layers
10. Add PTFE VF using correlation in Fig. 3.9
Figure 3.11 shows a block diagram of the processing steps used to create digital GDLs
with binder and PTFE used in this work. The overall functionally of the generation algorithm was used through a graphical user interface for simple interfacing.
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Figure 3.11: Block diagram outlining processing steps used in the generation algorithm.

3.3.1

GUI Design

The digital generation algorithm was implemented through the use of a user-friendly graphical user interface (GUI). A screen shot of the GUI is should in Fig. 3.12 with input and
output parameters on the upper and lower left hand side, respectively. The GUI allows the
user to visually examine the generated structure from the three perpendicular 2D views in
one voxel steps. The displayed colors of each solid phase can be adjusted to the user’s
preference using the color map box in the lower right. Red, green, and blue inputs for
each phase must be values between 0 and 255. The converged porosity, binder and PTFE
volume fractions are also displayed on the lower left. The resulting structure can be saved
as a multi-paged tiff and/or stored as a 3D array in the main MATLAB workspace. This
GUI allows for simple operation of the overall algorithm without the need to call individual
functions.
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Figure 3.12: Graphical user interface for GDL digital generation.
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3.4

Microstructure Characterization

3.4.1

Global Porosity

The fiber and binder are considered in calculation of the global porosity during the generation algorithm outlined in §3.3 for comparison to manufacturer data. After the completed
GDL structure is generated (with or without PTFE), the global porosity is computed again
for material characterization and comparison to literature data. The generated microstructure is three-dimensional phase indexed image which facilitates global porosity computation. The global porosity is computed by searching for and counting the number of void
voxels and taking their ratio with the total number of voxels. This computation is used in
two ways in the generation algorithm. Firstly, it is used when generating the initial two
layers for convergence on the number of fibers needed for each layer. After the entire
microstructure is generated, the global porosity is computed again to reveal the resulting
porosity.

3.4.2

Local Porosity Distribution

Local porosity variations throughout the GDL have a strong influence on the local mass
transport phenomena and needs to be well characterized for modeling efforts. Determination of local porosity has conventionally been unattainable using porosimetry techniques
used for global porosity measurements (such as mercury intrusion) but recently has been
explored [37]] using advanced imaging techniques. Utilizing the three dimensional nature
of the GDLs generated in this work, local variations with arbitrary resolution is implemented in a similar manner as global porosity with sliding computation domain.
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3.5

Results

A digital GDL that with binder and PTFE was generated using the algorithm detailed in
§3.3. A single layer of the GDL was extracted from the 3D structure to exemplify each
step of the generation process. The initial step of generating the fibrous skeleton of the
GDL is shown in Fig. 3.13 where the fibers were arbitrarily colored green. The crimp
of the fibers was assumed negligible and this assumption can clearly be seen in Fig. 3.13
with intersecting fibers. The second step in generating the digital GDL was to add the
carbonaceous binder material used in the manufacturing process. The result of the method
described in section 3.2.2 on the single layer of fiber is shown in Fig. 3.14 where the binder
material is colored orange. Notice from the image that the added binder material behaved
like a wetting fluid as discussed in §3.2.2. The last step in the generation algorithm was to
add PTFE to the GDL 3D microstructure as is commonly done for GDL used in PEMFCs.
The result of this last processing step is shown in Fig. 3.15 where the PTFE is colored cyan.
Note that the PTFE in this processing step also filled in small crevasses and somewhat
reduced the porosity of the overall sample.

Figure 3.13: Single layer of the fibrous skeleton of the GDL microstructure.
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Figure 3.14: Single layer of the GDL fibers complete with carbonized binder (Fiber =
green and Binder = orange).

Figure 3.15: Single layer of a generated GDL including wet-proofing treatment (Fiber =
green, Binder = orange, and PTFE = cyan).

3.5.1

Toray TGP-H-060 Generation

The motivation for the digital generation of the 3D microstructure of GDL materials was
to obtain the 3D geometry and solid phase distribution of commercial GDLs for transport
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modeling. Toray TGP-H-060 was chosen as a commonly used and commercially available
GDL to test the generation algorithm. Toray TGP-H-060 has 7 µm fiber diameters, thickness of 190 µm, and is composed of ≈ 27 % solid fraction carbonaceous binder [210].
These values were used as input parameters in the generation algorithm combined with a
∆r = 2 for the SE radius for the PTFE step for direct comparison to experimental data.
Figure 3.16 shows the three dimensional view of the generated structure with 1/3 µm voxels (250 x 250 x 189 µm) with fibers, binder, and PTFE colored green, orange, and cyan,
respectively. The resulting porosity of the GDL without PTFE treatment was determined to
be 75 % with a 27 % solid volume fraction of binder both of which are in good agreement
with literature and manufacturer data.
The microstructure of Toray TGP-H-060 was also generated using cubic voxels of 1/2
µm with the associated correlations given in section 3.2.2. This structure requiring less
computational time and memory compared to the 1/3 µm voxel structure was generated
using input put parameter of 27 % binder and a target porosity of 78 %. The resulting
digital GDL substrate was subsequently processed to add PTFE with a ∆r = 1 for the SE to
obtain a lower PTFE loading than the structure shown in Fig. 3.16. The resulting structure
domain was 500 x 500 x 189 µm and is shown in Fig. 3.17. The resulting structure had
a global porosity of 81 % with 30 % binder solid volume fraction prior to the addition of
PTFE.
The generated structure with 1/3 µm voxels is shown from the top view in Fig. 3.18
using a linear decrease of intensity as a function of depth (maximum of 50 µm from top
surface) into the substrate. Note from Fig. 3.18 how the binder and PTFE accumulate at the
intersection of fibers throughout. This effect of the generation algorithm is also observed
for the structure with 1/2 µm voxels with the larger domain of 500 x 500 x 189 µm shown
in Fig. 3.19.
A more direct qualitative comparison to Toray TGP-H-060 is shown in Fig. 3.20 where
a CLSM image of Toray TGP-H-060 is shown in Fig. 3.20(a) with a grayscale image of the
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Figure 3.16: Three dimensional view of simulated Toray TGP-H-060 with 9 wt.% PTFE
(Fiber = green, Binder = orange, and PTFE = cyan).

Figure 3.17: Three dimensional view of simulated Toray TGP-H-060 with 5 wt.% PTFE
(Fiber = green, Binder = orange, and PTFE = cyan).
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Figure 3.18: In-plane view (250 x 250 µm) of simulated Toray TGP-H-060 with 9 wt.%
PTFE with intensity linearly decreasing as a function of depth (Fiber = green, Binder =
orange, and PTFE = cyan).

modeled GDL with the phase color scheme removed shown in Fig. 3.20(b). The grayscale
in Fig. 3.20(b) is representative of depth with a maximum distance of 50 µm. Figure 3.21
shows the comparable image from the 1/2 µm voxel structure with the larger domain of
500 x 500 µm. Notice from the image the larger scale changes in the in the fiber and binder
clustering that wasn’t available in the smaller domain (Fig. 3.20).
The generated 3D phase-labeled microstructure allows for material characterization on
any part or whole that may be unavailable otherwise. A 1/3 µm slice in the central region
of the structure reveals how the specific phases are distributed (Fig. 3.22). Although the
binder and the PTFE make up a significant proportion of the overall mass of the GDL, the
void (black) regions remain fairly open in this section. This implies that the interconnected
pore structure remains fairly well open in the presence of PTFE. Notice from the image
in Fig. 3.22 that all four edges remain mainly clear of obstructions allowing for many
pathways for transport of reactants and product water. This local 2D examination of the
microstructure changes quite quickly as shown in Fig. 3.23 which is only 20 µm from the
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Figure 3.19: In-plane view (500 x 500 µm) of simulated Toray TGP-H-060 with 5 wt.%
PTFE with intensity linearly decreasing as a function of depth (Fiber = green, Binder =
orange, and PTFE = cyan).

the section in Fig. 3.22. Notice along the bottom edge of the image that the solid phases
are interconnected almost to the edge of the domain. This configuration would severely
limit access to and from the catalyst layer in a PEMFC. Furthermore, comparing the local
porosities of these central through-plane images reveal that the section in Fig.3.22 is less
porous (69 %) than the section in Fig.3.23 (72 %). This exemplifies the need to consider
local variations of material properties such as porosity and tortuosity three-dimensionally.
The larger domain size of the 1/2 µm voxel structure reveals larger scale through-plane
distributions of the solid phases as shown in Fig. 3.24 of a 1/2 µm central slice. The pore
structure shown in Fig. 3.24 is very interconnected and the decrease in PTFE content compared to Fig. 3.22 is also apparent (5 % vs. 9 %). The global porosity of this central slice
is somewhat greater (78 % vs. 69 %) than the central slice from the 1/3 µm structure and
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(a) Toray TGP-H-060 with 0 wt.% PTFE

(b) Generated GDL without phases differentiated and
depth shown in grayscale

Figure 3.20: Comparison to CLSM image of Toray TGP-H-060 0 wt.% PTFE to digital
generation.

is reflected in the pore connectivity. Additionally, from visual inspection alone, the local
tortuosity of the central slice appears to be lower but detailed analysis would be required
for confirmation. Nonetheless, small changes in global parameters such as porosity (75 %
vs. 81 %) and binder solid volume fraction (27 % vs. 30 %) can significantly affect local
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Figure 3.21: In-plane view (500 x 500 µm) of simulated Toray TGP-H-060 with 5 wt.%
PTFE with depth shown in grayscale.

Figure 3.22: Through-plane 1/3 µm section of simulated Toray TGP-H-060 with 9 wt.%
PTFE. Note the open pore structure throughout to the end of the domain (Fiber = green,
Binder = orange, and PTFE = cyan).
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Figure 3.23: Through-plane 1/3 µm section of simulated Toray TGP-H-060 with 9 wt.%
PTFE 20 µm from the section shown in Fig. 3.22. Note the open pore structure throughout
with significant solid barrier near the bottom edge of the domain (Fiber = green, Binder =
orange, and PTFE = cyan).

transport properties. These changes in local properties are very sensitive to the volume and
location sampled as exemplified by the 1/2 µm cross-sectional slice shown in Fig. 3.25
which was sampled only 25 µm from the image shown in Fig. 3.24. The local porosity of
this slice is about the same as that of the previous slice (79 % vs. 78%) but the physical
distributions and associated restrictions to mass, heat, and electronic transport are different. These small changes in the physical arrangement of the fiber, binder, and PTFE in
relation to the channel and land configuration in an actual PEMFC could have a strong effect on the local current density, water saturation, and temperature distribution and should
be accounted for in modeling efforts.

3.5.1.1

Local Porosity

Local porosity variations can have a strong effect on the local transport properties and thus
influence local current density. To further evaluate the generated GDL, the local porosity
distribution was calculated as described in §3.4.2 using a 25 µm x 25 µm x 189 µm averaging box. The result is shown in Fig. 3.26 with the color scale representative of porosity and
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Figure 3.24: Through-plane 1/2 µm section of simulated Toray TGP-H-060 with 5 wt.%
PTFE extracted from the central region of the generation domain (500 x 500 µm). Note
the open interconnected pore structure throughout with a local porosity of 79 % (Fiber =
green, Binder = orange, and PTFE = cyan).

Figure 3.25: Through-plane 1/2 µm section of simulated Toray TGP-H-060 with 5 wt.%
PTFE extracted from the central region of the generation domain (500 x 500 µm) 25 µm
from the central slice shown in Fig. 3.24. Note the significant difference in the local
distribution of fibers, binder, and PTFE compared to Fig. 3.24 even with a similar porosity
of 79 % (Fiber = green, Binder = orange, and PTFE = cyan).

each square representing 625 µm2 area in the in-plane direction through the entire GDL
thickness. Note from the figure that porosity has significant variation (Shown in a color
spectrum from blue representing the lowest to red representing the highest porosity) at this
scale. Local changes in the porosity was also observed for the structure with 1/2 µm voxels
and are shown using the same 25 µm x 25 µm x 189 µm averaging window in Fig. 3.27.
Local porosity variation on the order of channel separation (1 mm) in actual PEMFCs is
revealed in Fig. 3.27 that could have a strong influence on local performance depending
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on channel and land configuration directly above (or below) the GDL structure. Regions of
high porosity (e.g. see lower right of Fig. 3.27) may have a negative impact on the location performance in the presence of a land. Higher porosity in the through-plane direction
implies less fiber to fiber interaction and binder material and thus would result in lower
thermal and electrical conductivity with the latter decreasing performance. Additionally, if
the surface of the GDL also has high porosity, the contact resistance would be greater due
to lack of GDL material to make intimate contact with the lands. These localized regions of
high porosity may also provide regions for water to accumulate increasing water saturation
and reducing available reactant flow paths. Thus it is clear that these local variations have a
complex effect on the overall performance and should be carefully considered for improved
modeling efforts over the typically used assumption of homogeneous porosity.

Figure 3.26: Local porosity variation mapped to a color spectrum of simulated GDL (1/3
µm voxels) with 9 wt.% PTFE averaged in the through-plane direction (189 µm) with 25
µm x 25 µm bins in the in-plane direction.

The through-plane direction of GDL materials controls the direct path from the gas
distribution channels where reactants are supplied to the catalyst layers where water is generated. Thus the transport properties in the through-plane direction should be well charac74

Figure 3.27: Local porosity variation of simulated GDL (1/2 µm voxels) with 5 wt.%
PTFE averaged in the through-plane direction (189 µm) with 25 µm x 25 µm bins in the
in-plane direction.

terized for material evaluation. The anisotropic nature of GDL materials results in different
(for some parameters drastic) values of material properties such as porosity. The throughplane distribution of porosity for the simulated Toray TGP-H-060 with 5 wt.% PTFE is
shown in Fig. 3.28. Note from the plot that the porosity changes significantly through
the thickness of the GDL. The period of the variations shown in Fig. 3.28 are a result of
the layered skeleton of Toray GDLs. The intersection of two layers is where the fibers
from both layers are the thinnest (in-plane) and contribute less to the over solid volume.
However, the intersection of the fiber layers is also where there is a significant amount
of fiber-fiber interaction for the 3D application of binder and PTFE materials. The dominant factor affecting this cyclic pattern was the volume contribution from the fibers and
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the contributions from binder and PTFE was not sufficient to compensate. The associated
through-plane distributions of binder and PTFE will discussed in section 3.5.1.2.

Figure 3.28: Through-plane porosity distribution of simulated GDL (1/2 µm voxels) with
5 wt.% PTFE. Note the cyclic pattern with maximum porosity at layer intersections (every
fiber diameter (7 µm)).

3.5.1.2

Through-plane Binder and PTFE Distributions

Due to the established importance of the through-plane properties on water management,
the distributions of binder and PTFE were analyzed. The through-plane distribution of
binder material was calculated by computing the volume of binder in each 1/2 µm slice
through the simulated structure of Toray TGP-H-060 with 5 wt.% PTFE. The volume of
binder was then divided by the total volume of binder throughout the structure (and multiplied by 100) to obtain the percent binder in each slice. The resulting plot is shown in Fig.
3.29. Notice from the plot the cyclic pattern in the amount of binder throughout the thickness of the GDL. The period of the oscillation is in agreement with the thickness of a fiber
layer and diameter of 7 µm. This was an expected result of interaction of the fiber layers.
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The layer-to-layer interactions will provide more regions for binder to accumulate and thus
the percent binder is a local maximum at these locations. Furthermore, note that the phase
of these oscillations is π out of phase with the oscillation in the porosity reported in Fig.
3.28. Thus, the increase in binder at layer interfaces does not counteract the decrease of
volume from the reduced contribution of the fibers.

Figure 3.29: Through-plane binder distribution of simulated GDL (1/2 µm voxels) with
5 wt.% PTFE. Note the cyclic pattern with maximums at layer intersections (every fiber
diameter (7 µm)).

The through-plane distribution of PTFE for the simulated Toray TGP-H-060 with 5
wt.% PTFE was calculated using a method analogous to that used for the binder distribution. The result is shown in Fig. 3.30. The same cyclic pattern observed for the binder
is clearly present with a period of the layer thickness and in phase with maximum binder
volume at layer interfaces. This was an expected result of the PTFE generation method
which was based on the binder step. Although binder and PTFE both have maximum contributions to the solid volume at interfaces, the volume of the fibers dominates the solid
volume.
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Figure 3.30: Through-plane PTFE distribution of simulated GDL (1/2 µm voxels) with
5 wt.% PTFE. Note the cyclic pattern with maximum at layer intersections (every fiber
diameter (7 µm)).

3.5.1.3

Comparison to Actual GDL

The actual 3D structure of Toray TGP-H-060 without PTFE was obtained by Becker et
al. using synchrotron-based phase contrast X-ray tomographic microscopy and can used to
directly compare the generated GDL with PTFE removed [32]. Since the generated GDL
is phase indexed 3D image, only a simple logic step is required to remove the PTFE for the
comparison. A 3D view of the generated GDL is shown in Fig. 3.31(a) with a 3D view of
actual Toray TGP-H-060 without PTFE shown in Fig. 3.31(b). Note from these images that
the generation algorithm performed fairly well generating a digital realistic GDL. A more
direct comparison of the generated structure to the actual structure as imaged by Becker et
al. [32] is shown in Fig. 3.32 utilizing the larger domain of the 1/2 µm voxel generation to
obtain a similar field of view as that achieved by Becker et al. [32]. The image in Fig. 3.32
is also in good agreement with the image of the actual GDL shown in Fig. 3.31(b).
The addition of binder in the generation algorithm was an attempt to mimic manufac-
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(a) Simulated Toray TGP-H-060 with 0 wt.% PTFE

(b) Actual Toray TGP-H-060 with 0 wt.% PTFE [32]. Reprinted with
permission from J. Electrochem. Soc. 156 (10) B1175-B1181 (2009).
Copyright 2009, The Electrochemical Society.

Figure 3.31: 3D Comparison of the generation algorithm to actual GDL.

turing techniques and the result were in agreement to top view CLSM images in Fig. 3.20.
Further comparison of the through-plane distribution and binder interaction with the fiber
skeleton can be made from Becker et al. results [32]. Figure 3.33(a) shows a cross-sectional
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Figure 3.32: Simulated Toray TGP-H-060 with 0 wt.% PTFE (500 x 500 x 189 µm).

slice of the generated model of Toray TGP-H-060 0 wt.% PTFE and Fig. 3.33(b) shows
a similar cross-sectional slice of actual Toray TGP-H-060 0 wt.% PTFE obtained through
X-ray tomography. The quantity and interaction of the binder with fibers in these images
are in close agreement indicating the model of the binder is representative of actual GDL
materials. This agreement is also observed for the structure with 1/2 µm voxels shown in
Fig. 3.34.

3.5.1.4

Effect of PTFE

The generated structure contains 9 % solid volume fraction PTFE and is in the generally
accepted range for useful PTFE loadings. Additional loadings only further reduce porosity
without the benefit from reduction in saturation as is observed for initial loadings. The
porosity of the PTFE treated GDL was calculated directly from the model as described in
§3.4.1 to be 72.8 % yielding a reduction of 2.5 %. The change in porosity as a function of
PTFE wt.% loading can be written as:
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(a) Simulated Toray TGP-H-060 with 0 wt.%
PTFE

(b) Actual Toray TGP-H-060 with 0 wt.% PTFE [32]. Reprinted
with permission from J. Electrochem. Soc. 156 (10) B1175-B1181
(2009). Copyright 2009, The Electrochemical Society.

Figure 3.33: 2D Comparison of the binder distribution of the generation algorithm to actual
GDL.

∆ =

wt. % PTFE
ρcarbon
· (1 − o ) ·
1 − wt. % PTFE
ρP T F E

(3.7)

where o is the original (untreated) GDL porosity, ρcarbon is the density of the carbon, and
ρP T F E . Equation 3.7 does incorporate the reasonable assumption that the carbonized binder
and graphitized fibers have equal densities (ρcarbonbinder = 1.7 g/cm3 ≈ ρgraphitef ibers = 1.92.0 g/cm3 [9]. Assuming the density of the carbon and the PTFE in the GDL are nearly
equivalent, 9 wt.% PTFE treatment would reduce the original porosity of 75.3 % to 72.9
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Figure 3.34: Simulated Toray TGP-H-060 with 0 wt.% PTFE showing the fiber and binder
distributions similar to an actual GDL shown in Fig. 3.33(b).

% yielding a reduction of 2.4 % which is in agreement with the 2.5 % reduction calculated
directly from the model. Experimental measurements of porosity using the method of
mercury intrusion porosimetry also found a reduction of porosity 2.4 % for untreated and
10 wt.% PTFE treated GDLs [211]. The reduction of porosity for the structure with 5
wt.% PTFE (1/2 µm voxels) was computed to be 1.03 % from the digital models. This is
in agreement with the expected value of 0.98 % from Eq. 3.7 using an initial porosity of
81.34 % prior to the PTFE loading.

3.6

Summary

A numerical simulation tool was developed that provides the 3D geometry of GDL materials with localized binder and PTFE distributions. This tool was developed using a new
model and framework for the digital generation of GDL materials and was successful in
producing realistic GDL geometries using 3D morphological image processing. The 3D
morphological processing mimicked manufacturing processes of the addition of binder
material and subsequent PTFE treatments. The overall generation algorithm allows for
intuitive user inputs of the desired physical GDL materials (e.g. fiber radius, porosity, etc.)
through a GUI developed in MATLAB. The outputs from the generation algorithm were
the global porosity, volume fraction of binder, volume fraction of PTFE, and a 3D phase-
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differentiated image. The output 3D image was an indexed image where void, fiber, binder,
and PTFE were represented by 0, 1, 2, and 3, respectively. This phase-differentiated image
could be written to the MATLAB workspace as a 3D array or as a multi-page tiff image
saved to the local disk. The 3D geometry can then be used in commercial CFD software
packages for transport simulation studies. The generated GDL materials were also characterized by the local porosity variations throughout the structure through an additional function of the toolbox. The local porosity function allowed for examination at any user-defined
scale throughout the generated GDL structure. The generation algorithm was in agreement
with CLSM images and X-ray characterization of commercial GDL (Toray TGP-H-060)
using input parameters from manufacturer data. This generation algorithm implemented in
a MATLAB toolbox framework will provide 3D geometries of commercial or hypothetical
GDL materials in a cost- and time-effective manner for modeling efforts.
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Chapter 4
Through-plane Visible and IR Imaging
of a PEMFC
4.1

Infrared Imaging

Infrared (IR) radiation is a regime of the electromagnetic (EM) spectrum that approximately spans from λ = 780 nm to λ = 1 mm. This IR regime is routinely divided into
smaller regimes such as: near infrared (0.78 µm ≤ λ ≤ 1.0 µm), short-wave infrared (1.0
µm ≤ λ ≤ 3.0 µm), mid-wave infrared (3.0 µm ≤ λ ≤ 5.0 µm), long-wave infrared (7.0
µm ≤ λ ≤ 14.0 µm), and very-long wave infrared (15.0 µm ≤ λ ≤ 1 mm). There is not
a universally accepted breakdown of these bands and subtle changes to the classifications
are made based on the particular discussion. In this work, mid-wave infrared imaging was
conducted and will be defined as wavelengths between 3.0 µm and 5.0 µm and will be exclusively used for IR imaging. This EM radiation was collected, focused with a microscope
lens, and quantified with an IR camera to obtain high resolution non-invasive temperature
measurements across GDLs in a PEMFC.
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4.1.1

Blackbody Radiation

It is well-known that all matter above absolute zero emits IR radiation with intensity and
wavelength dependent on temperature. Planck’s Radiation Law describes this spectral EM
emission or exitance for idealized surfaces that perfectly absorb and re-emits all incident
EM radiation [212]. The spectral exitance from ideal surfaces referred to as blackbody or
Planck radiation can be written as:

M (λ) =

2πhc2
hc

λ5 (e λkT − 1)

(4.1)

where h is Planck’s constant (6.63 x 10−34 J·s), c is the speed of light (3.0 x 108 m/s), k is
Boltzmann’s Constant (1.381 x 10−23 J/K), and T is absolute temperature. Integration of
Eq. 4.1 over all wavelengths results in the only closed form solution for the total exitance
and is given by the Stefan-Boltzmann equation:

M = σT 4

(4.2)

where σ is the Stefan-Boltzmann Constant (5.67 x 10−8 Wm−2 K −4 ). It is the blackbody
emission from the cross-section of the GDL that will be used to measure the temperature
gradient in the through-plane direction.

4.1.2

Radiometric Definitions

To facilitate the development of an expression to describe the total irradiance on the sensor
of the IR camera, some radiometry definitions will be introduced and were adopted from
Schott 2007 [213]. Since ideal blackbodies do not exist, the concept of emissivity is used
to describe the ratio of the energy emitted by an object (Mλ (T ) to the energy emitted by a
blackbody Mλ,BB (T ) at the same temperature and is defined as:
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(λ) =

Mλ (T )
Mλ,BB (T )

(4.3)

In addition to the emitted light from a surface due to non-zero absolute temperature, the
total amount of light leaving the surface is a function of the amount absorbed (α), reflected
(ρ), and transmitted (τ ) from the surrounds. Absorption can be defined as the unitless ratio
of the amount of EM flux absorbed (Mα ) (i.e. converted into another form of energy) to
the amount of EM flux incident on the surface (Ei ) and is given as:

α=

Mα
Ei

(4.4)

The reflectivity of a surface is defined as the unitless ratio of the amount of EM flux
leaving the surface to the amount of EM flux incident on the surface:

ρ=

Mρ
Ei

(4.5)

The transmission of a surface is defined as the unitless ratio of the amount of EM flux
incident leaving surface to the amount of EM flux incident on the back of the sample:

τ=

Mτ
Ei

(4.6)

Using the above definitions of optical properties of a material, conservation of energy
can be written as:

α+ρ+τ =1

(4.7)

This form of conservation of energy can be related to the object’s emissivity through
Kirchhoff’s Law which states that the emissivity of an object must be numerically equivalent to its absorbance when in thermodynamic equilibrium. Combining Kirchhoff’s law
with conservation of energy we have:
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+ρ+τ =1

4.1.3

(4.8)

IR Imaging for Temperature Measurement

Infrared cameras measure the irradiance on the sensor at each pixel location to build a
two-dimensional image of the radiant EM energy captured. These digital counts are first
converted to radiance values using a radiometric calibration typically conducted by the
manufacturer in a calibration laboratory. In order to obtain temperature measurements
from the radiance values, a radiometric model of the imaged scene is needed. The total
irradiance on the sensor can be written as:

MT otal (λ) = Object τAtm MObject (λ) + ρObject τAtm MAmbient (λ) + Atm MAtm (λ)

(4.9)

where the first term is due to emission of the object, the second term is due to the object’s
reflection from ambient sources, the last term is the emission of the atmosphere, and each
are attenuated by the atmosphere. Using Eq. 4.8 and assuming that τ = 0 for an opaque
material, the reflectance of the object can be written as: ρ = 1 − . Furthermore, the
emissivity of the atmosphere can be written as Atm = 1 − τAtm through Eq. 4.8 and
assuming ρAtm = 0. The total energy incident on the sensor can now be written as:

MT otal (λ) = Object τAtm MObject (λ)+(1−)τAtm MAmbient (λ)+(1−τAtm )MAtm (λ) (4.10)

Thus, the radiant energy measured by the sensor can be described by the object emissivity, atmosphere transmission and temperature, and the temperature of the surroundings.
These parameters can be obtained through preliminary measurements and real-time atmospheric conditions during image capture and are discussed in §4.5.1.1. Using this model,
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the object temperature can be determined. When an IR transparent window is used, an additional attenuation (τW indow ) and emission (1-τW indow ) terms are added Eq. 4.10 and can
also be measured in preliminary measurements and real-time temperature measurements
(§4.5.1.1). This radiometric model is typically incorporated into IR camera software such
a FLIR ExaminIRTM Max for thermography studies.

4.2

Transparent PEMFC Design

A PEMFC was designed to allow for simultaneous visible and mid-wave infrared (3.0 µm
≤ λ ≤ 5.0 µm) transmission through an observation window to reveal the cross-sections
of the cathode and anode GDLs and channels. As shown in Fig. 4.1, the graphite flow field
of a commercial 50 cm2 fuel cell hardware was modified to accommodate the window.
The cathode channels were triple serpentine channels, each 0.7 mm deep and 0.9 mm wide
with 0.7 mm lands, and the anode channels were double serpentine channels, each 1.0 mm
deep and 0.8 mm wide with 0.7 mm lands. In order to reveal the GDL cross-sections, the
cathode and anode lands were recessed by 180 µm to represent the compressed thickness
of the GDLs used in this study. Sapphire was chosen as the window material for its high
transmittance of visible (0.4 µm ≤ λ ≤ 0.7 µm) as well as mid-wave infrared light. A
pocket was machined into the side of the flow fields to hold the sapphire window flush
with the unmodified flow field perimeter. The modifications were mirrored onto the anode
flow field allowing for simultaneous observation of cathode and anode water flow structures. The endplates were machined to match the modified flow fields and to allow for
the short working distance of the infrared microscope lens. A schematic of the assembled
visualization cell with a close-up of the expected microscopic view shown in Fig. 4.2.
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Figure 4.1: Modified cathode flow field to accommodate the compressed thickness of the
GDL and placement of sapphire window. Reprinted with permission from Electrochem.
Solid St. 14 (6) B51-B54 (2011). Copyright 2011, The Electrochemical Society.

Figure 4.2: Schematic of assembled PEMFC with the expected view of the cathode and
anode cross-sections. Reprinted with permission from Electrochem. Solid St. 14 (6) B51B54 (2011). Copyright 2011, The Electrochemical Society.
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4.3

Imaging Systems

The visualization systems consisted of a Keyence VHX-500 digital microscope and a FLIR
SC 6000 infrared camera. The Keyence VHX-500 uses a 1600 x 1200 color CCD focal
plane array and is capable of frame rates of 15 and 28 fps. A long working distance (85
mm) lens with an adjustable magnification ranging from 50-500x (based on displaying
images on a 15 inch monitor) was used with the digital microscope for all experiments.
The FLIR SC 6000 infrared camera uses a 640 x 512 InSb focal plane array with a pixel
pitch of 25 µm and is sensitive to mid-wave infrared (3.0 µm ≤ λ ≤ 5.0 µm). The FLIR SC
6000 infrared camera was equipped with infrared microscope lenses with magnifications
ranging from 1x-5x (based on image magnification) and capable of full frame rate up to
126 fps and higher at reduced resolutions. An infrared microscope lens with a 5x image
magnification yielding a 5 µm pixel resolution was used for all infrared observations.

4.4
4.4.1

Through-plane Visible Imaging in a PEMFC
PEMFC Materials and Testing Conditions

The catalyst coated membrane was based on an 18 µm thick Gore membrane and had a
Pt loading of 0.3 mg/cm2 in both anode and cathode catalyst layers. The GDL material
was MRC (Mitsubishi Rayon Co.) 105 treated with PTFE and coated with an in-house
MPL by General Motors. In all experiments, dry clean hydrogen and air produced on-site
from Parker Balston hydrogen and zero grade air generators were supplied to anode and
cathode channels in a counter flow configuration: no external humidification was provided
for either the hydrogen or air flows. The fuel cell was operated at ambient temperature
and pressure under a constant stoichiometric ratio of An/Ca = 2.0/3.0. The preliminary test
revealed a comparable performance (IV curve) to the standard 50 cm2 cell, indicating that
the addition of the sapphire windows had little influence on the overall performance.
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4.4.2

MRC (Mitsubishi Rayon Co.) 105 Results and Discussion

4.4.2.1

Simultaneous Anode and Cathode Channel Visualization

Although fuel cell cathode and anode flow channels have been visualized previously, this is
typically done in separate experiments [76, 214]. In this work, simultaneous visualization
of anode and cathode channels at various magnifications was obtained for the first time.
Figure 4.3 shows the cross-section of the PEMFC under loads of 0.05 A/cm2 , 0.30 A/cm2 ,
0.70 A/cm2 , and 1.10 A/cm2 . Cross-section images at higher current densities were excluded due to the increased cell temperature and the change of the phase transition into the
channels. Several important observations can be made from this figure. First, under lower
current densities, only a small amount of water accumulated in the cathode channels, while
there was a significantly greater amount of water in the form of water films along the flow
channels on the anode side. This is in agreement with the neutron radiography studies of
Owejan et al. [5]. At a given current density, the greatest amount of condensation in the anode channels occurred towards the anode inlet. Note that for all current densities the air and
hydrogen inlet streams had no external humidification. Therefore, the water that was observed in the cell anode was product water from the cathode catalyst layer that traversed the
CCM. The water that transported from the cathode to anode appeared as condensation on
the sapphire window and under no operating conditions were droplets observed to emerge
from the anode GDL as was routinely observed in the cathode. The greater concentration
of condensation in the anode toward anode inlet was a result of the reactant counter flow
configuration and reactant inlet RH. A dry air stream begins to pick up product water in
the vapor phase as it travels through the cell until saturation, where the vapor will begin
to condense. The amount of water in the cathode channel increases as a function of the
distance from the cathode inlet with the greatest accumulation occurring near the cathode
outlet. Thus, the greatest concentration of water on the cathode to transport to the anode
will occur towards the anode inlet (in a counter flow configuration). The location where
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the anode condensation was observed migrated toward the anode outlet as a function of
current density, further implicating this mechanism. The migration of the condensation
toward the anode outlet was due to the increased water production in the cathode which
provided a greater amount of water activity in the cathode at locations further upstream
which then could traverse the CCM. The condensed water in the anode accumulated on
the window and was periodically removed by water films and slugs on the graphite and
sapphire surfaces (See Fig. 4.3(c)).
Secondly, liquid water appears in anode channels mostly via condensation mechanism
instead of liquid water transport through the anode GDL. A similar phenomenon has been
reported at a higher temperature of 80◦ C [87]. This finding indicates that water flooding
and the consequent mass transport resistance in the anode is not as serious as in the cathode
because liquid water does not accumulate inside the porous GDL and block the hydrogen
pathways. In contrast, liquid water in cathode channel appears through both condensation
mechanism and liquid water transport through GDL.

4.4.2.2

GDL Cross-section Observation

The primary objective visible imaging portion of this work was to observe the GDL crosssection in an operating PEMFC. Therefore, the anode and cathode GDLs were visualized
at higher magnification with a digital microscope. The higher magnification imaging routinely revealed water droplets on the GDL cross-section for current densities above 0.85
A/cm2 . For example, a droplet near the cathode inlet maintained its size and location at
lower current densities but increased in size with increasing current density and was occasionally wicked to the sapphire window. The droplet ceased to emerge from the GDL at
current densities above 1.8 A/cm2 , due to increased gas shear and vapor transport of the
gas stream. Since condensation was not observed in the droplet formation area, the water
droplet was apparently not formed from vapor condensation. Instead, it had emerged as
liquid water transported from inside the GDL, indicating that water was condensed in the
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(a) 1.10 A/cm2

2
(b) 0.70 A/cm2 (c) 0.30 A/cm2 (d) 0.05 A/cm

Figure 4.3: Cross-section of transparent PEMFC as a function of current density. Reprinted
with permission from Electrochem. Solid St. 14 (6) B51-B54 (2011). Copyright 2011, The
Electrochemical Society.
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GDL and transported out via capillary flow.
In another experiment, in order to increase the cross-section of the observed GDL, an
additional layer of Toray TGP-H-060 10 wt.% PTFE was used on the channel side of the
cathode MRC GDL. At a current density of 0.4 A/cm2 , water droplets emerged from the
GDL and wicked onto the window and channel walls where they were removed by the
gas shear. At one droplet formation site, small droplets appeared to be condensing on the
GDL cross-section. To isolate the small droplets, the cell was returned to OCV and the cell
was purged on the cathode until all water was removed. The load was then returned to 0.4
A/cm2 and the cross-section was continuously monitored. The condensing small droplets
returned to the site within a minute. In order to isolate the condensation, the video was processed using image subtraction and subsequent thresholding. An initial color image of the
dry GDL cross-section (Fig. 4.4(a), obtained after purge) was subtracted from each subsequent frame (e.g. see Fig. 4.4(b)), resulting in a difference sequence. A minimum change
in intensity (threshold) was applied to the difference sequence to identify potential water
detection locations. These pixels were defined as water detection locations (Fig. 4.4(c))
if potential detection occurred independently on at least two color planes. Finally, to give
spatial reference (w.r.t. the GDL cross-section) to the binary water detection frames, the
initial dry grayscale image was added to the water detection frames (Fig. 4.4(d)). Example images of dry, wet, water detection, and water detection with the GDL cross-section
are shown in Fig. 4.4, respectively. These results demonstrate that the water droplets and
transport on the cross-section of the GDL can be captured with a digital microscope and
quantified with video processing. More interesting is that water condensation inside GDL
is implied. However, in current design, the MPL and catalyst layer could not be observed,
and thus no implicit conclusions on the location of the condensation site or the consequent
condensation front were obtained. The design of a new setup allowing the observation of
the MPL at higher magnification is recommended for future work.
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(a) Dry Reference

(b) Wet Frame

(c) Water Detection Locations

(d) Water Detection with GDL

Figure 4.4: Visualization of water on the cathode GDL cross-section at j=0.4 A/cm2 revealed using digital video processing. Reprinted with permission from Electrochem. Solid
St. 14 (6) B51-B54 (2011). Copyright 2011, The Electrochemical Society.
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4.5
4.5.1

Through-plane Infrared Imaging in a PEMFC
Infrared Calibration

The infrared camera used in this study was a FLIR SC 6000 and has custom manufacturer
calibrations for each lens and specific temperature ranges to correlate the digital counts
captured by the InSb focal plane array to temperature measurements. In addition to the
camera general calibration, material and test section specific calibrations must be conducted
for reliable temperature measurements. Specifically, the material emissivity and window
transmittance need to be measured. This measurement or “calibration” was conducted with
two ex situ test setups: (1) the GDL cross-section without the sapphire window and (2)
the GDL cross-section with sapphire window. The GDL emissivity was first determined in
the absence of the window and then the transmittance of the window was determined by
placing the window between the lens and the GDL.

4.5.1.1

Experimental Setup and Procedure

A general schematic to the experimental setup is shown in Fig. 4.6 where the GDL sample was sandwiched by two pieces of graphite with heaters on opposite sides. The heaters
were used to raise the GDL temperature above ambient to mitigate influence of IR reflections from the surroundings. The heaters were Watlow flexible silicone heaters and power
supplied was controlled by a four zone proportional-integral-derivative controller (Omega
CN1504-TC). Each graphite block had a thermocouple port for a K-Type thermocouple
that used for the setpoint for the respective controller. The accepted GDL temperature was
measured using a T-Type micro-thermocouple (RTD Company PN12454-3, 200 µm bead
including insulation) labeled TC3 in Fig. 4.6) and was read with Omega HH23A digital
thermocouple reader. Once steady-state (∆T ≤ 0.1◦ C) of TC3 was achieved, the GDL was
imaged with a 5X lens. Significant variations in the temperature measured by the IR camera
were observed due to changes in emissivity (heterogeneous GDL material) and geometry.
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The in-plane temperature variation at room temperature without the PEMFC running was
examined by extracting the temperatures from the center of the GDL cross-section. The resulting plot of a single pixel width (5 µm) across the field of view is shown in Fig. 4.5. The
plot in Fig. 4.5 shows the significant effect of geometry and emissivity can have temperature measurements. This issue was resolved by using an averaging technique to determine
the effective emissivity. An area of 6.8 mm2 was used for averaging at two locations for
each set point temperature. Using the FLIR ExaminIRTM Max software, the emissivity of
the GDL was determined by estimating the effective emissivity and evaluating the resulting temperature. The effective emissivity was changed until the resulting temperature was
consistent with the thermocouple temperature. This procedure was repeated for 43, 53, and
60◦ C set points at both locations for each GDL. Once the GDL emissivity was measured,
the window was placed in the experimental setup between the lens and GDL to measure its
transmittance.
Similar to the procedure used to measure the GDL emissivity was used to measure the
transmittance of the window utilizing the ExaminIRTM Max software. The transmittance of
the window was estimated and the resulting temperature (Possible with the effective emissivity of the GDL sample) was compared to the thermocouple reading. The transmittance
of the window was adjusted such that GDL temperature was consistent with the thermocouple. This was repeated for the set point temperatures of 43, 53, and 60◦ C.

4.5.1.2

Results

The emissivities of Toray TGP-H-120 treated with PTFE and coated with an in-house MPL
by General Motors and commercially available Sigracet SGL 10BC were measured at two
locations, three temperatures, and averaged. Example images from the 43◦ set point are
shown in Fig. 4.7 with the microthermocouple labeled (TC3) and the averaging area for
emissivity and transmittance measurements outlined in red. The effective emissivities were
found to be 0.84 and 0.86 for Toray TGP-H-120 and SGL 10BC, respectively. Following
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Figure 4.5: In-plane temperature variation across the center of the cathode GDL at room
temperature due to changes in emissivity and geometry.

Figure 4.6: Schematic of emissivity and window transmittance measurement test section.
Not to scale.

the emissivity calculation, the average window transmittance was measured to be 0.77.
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Figure 4.7: Example calibration images showing microthermocouple (TC3) and averaging
area (Box 1).

4.5.2

PEMFC Materials and Testing Conditions

Two gas diffusion layers, Toray TGP-H-120 with an in-house MPL by General Motors and
commercially available Sigracet GDL 10BC were studied in this work. Both GDLs were
carbon paper based and treated with PTFE. The CCM used for both GDLs was based on an
18 µm thick Gore membrane with 0.3 mg/cm2 Pt loading on both the anode and cathode. In
all experiments, dry, clean hydrogen and air were supplied in a counter flow configuration.
The fuel cell was operated at 60◦ C at ambient pressure under a constant stoichiometric ratio
of An/Ca = 2.0/3.0.

4.5.3

Ex Situ Temperature Distribution Validation

The main objective of this in situ work was to measure the temperature gradient across the
GDL in an operating PEMFC. To validate the temperature gradients measured during cell
operation, ex situ experiments were conducted with the assembled PEMFC to measure the
gradients in the absence of a heat flux and with an imposed gradient. In addition to the
measurements of material emissivity and window transmittance, consideration for imperfections in window fabrication were taken. The manual grinding process used to machine
the sapphire to the size of the pocket in the graphite flow field created cracks (and chips
on the outer surfaces) that created significant reflection surfaces. An example image of the
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cracks as viewed from the surface can be seen in Fig. 4.8(a). The central white region of
uniform thickness in Fig. 4.8 is where the membrane comes out between the windows to
separate the anode from the cathode. This membrane region is shown in white because it
is out of focus and is thus an invalid area for temperature measurement. The influence of
both the cracked/chipped region and membrane were accounted for by restricting all temperature measurements outside of this region and is shown with horizontal black lines in
Fig. 4.8(b). The anode and cathode GDLs were isolated by locating their surfaces in the
gas distribution channels and is shown in Fig. 4.8(d) with white horizontal lines.

(a) Sapphire surface showing a signifi- (b) Chip area of influence marked by
cant amount of chips
black horizontal lines

(c) Cross-section of PEMFC with GDL (d) Cross-section of PEMFC with valid
surfaces marked by white horizontal temperature measurement area bounded
lines
by GDL surface and chips

Figure 4.8: Preprocessing steps required to isolate GDL cross-section from the influence
from sapphire imperfections.
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4.5.3.1

Room Temperature Results

The temperature measurements in the IR images are dependent on a factory calibration
(lens dependent) to map the digital counts to radiance and a “calibration” of the object in
terms of object and scene specific properties such as emissivity and transmittance. Furthermore, the factory calibration is dependent on exposure time and using the ExaminIRTM Max
software this cannot be adjusted if the FLIR software is to be used for thermography. As
a solution to this software limitation, frame averaging was used to increase the signal to
noise ratio in the acquired images. This improvement is apparent by visual inspection at
room temperature because the peak emission of blackbody radiation (about λ = 10 µm) is
outside of the camera’s sensitivity. This effect is exemplified in Fig. 4.9 where the image
in Fig. 4.9(a) is a single image and the image in Fig. 4.9(b) is the result of averaging 100
frames (captured at 30 fps) with the same exposure time (0.345 ms) as Fig. 4.9(a). This
preprocessing step was conducted on all video data collected and is stated as such in the
respective sections.
The temperature measurements in the running PEMFC were validated against measured
gradients across the cathode GDL prior to fuel cell operation. Two locations where more
than 100 micrometers of the GDL cross-section were identified as reliable and example
images of location 1 and 2 are shown in Fig. 4.10(a) and 4.10(b), respectively. To mitigate
temperature variation due to changes in geometry and to compute the average gradient in
the through-plane direction, the temperatures within the GDL cross-section region were averaged in the in-plane direction. These temperatures were made relative by subtracting the
initial temperature at the GDL channel surface from every averaged in-plane temperature.
The result shown in Fig. 4.11 shows that the temperature variation without the PEMFC
running is about 0.1 ◦ C.
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(a) Single frame of PEMFC cross-section at room temperature

(b) Averaged frame of PEMFC cross-section at room temperature

Figure 4.9: Effect of frame averaging to increase signal-to-noise ratio.
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(a) Example (j=0.20 A/cm2 ) image of location 1 (L1)

(b) Example (j=0.20 A/cm2 ) image of location 2 (L2)

Figure 4.10: Reliable locations revealing significant cathode GDL cross-section between
the GDL channel surface (white line) and the influence of the sapphire chips (black line).
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Figure 4.11: Temperature gradient across the cathode GDL (SGL 10BC) prior to running
the PEMFC. Note the temperature gradient is about 0.1◦ C.

4.5.4

In Situ Temperature Gradient

4.5.4.1

SGL10 BC Results and Discussion

The transparent PEMFC was operated at a temperature of 60◦ C and infrared videos were
taken at current density set points of 0.20, 0.30, 0.4, 0.50, and 0.60 A/cm2 . The polarization
curve is shown in Fig. 4.12 and note that the high frequency resistance (HFR) remained
constant at 0.09 Ωcm2 through the test. Infrared videos were captured for about 3 sec at
30 fps (100 frames) with an integration time of 0.345 ms (factory set) and averaged to
increase the signal to noise ratio. As with the validation testing discussed in section 4.5.3,
to mitigate temperature fluctuation due to changes in geometry on the GDL cross-section,
the temperatures were averaged in the in-plane direction across the entire 3.2 mm field of
view in each pixel row (5 µm in the through-plane direction). The temperature gradient
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across the GDL was obtained by subtracting the average GDL surface temperature from
each mean through-plane temperature. The results of the temperature gradient vs. throughplane distance for location 1 across the cathode GDL are shown in Fig. 4.13. The zero
through-plane distance represents the GDL channel surface. Notice the expected result of a
linear increase in temperature as a function distance toward the catalyst layer. The PEMFC
local geometry relative the cathode and anode lands of Location 1 is shown in Fig. 4.10(b)
and it is worth noting that neither the cathode nor anode had a land present.

Figure 4.12: Polarization curve of transparent PEMFC with SGL 10BC at 60◦ C. Note the
HFR remained constant at 0.09 Ωcm2 .

The PEMFC local geometry for location 2 was significantly different from the cell
geometry of location 1. Note from Fig. 4.10(b) that there is an anode land toward the right
side of the image. This attribute will have an effect on the local heat transfer by providing a
conduction path of the generated heat to be removed from the CCM. Additionally, location
2 was about 21 mm from location 1 in the direction of the cathode outlet and anode inlet.
105

Figure 4.13: Average temperature gradient in the through-plane direction in the absence
of lands for SGL 10BC at 60◦ C. Note distance zero corresponds to the GDL surface in the
cathode channel.

The temperature gradient vs. through-plane direction across the cathode GDL for location 2
are shown in Fig. 4.14 with zero through-plane direction representative of the GDL surface.
As expected, the temperature gradient is positive with the highest temperatures toward the
catalysts layer. However, similar to the data measured from location 1, the current densities
do not reveal any clear tread and thus warrant further analysis.
The heat generation in a PEMFC can be written as a function of the operating cell
voltage and the ideal voltage:

q = j(Eideal − Eactual )

(4.11)

where j is the current density, Eideal is the ideal voltage (1.2 V), and Eactual is the cell
voltage at current density j. Since heat transfer through the GDL materials is dominated by
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Figure 4.14: Average temperature gradient in the through-plane direction in the presence
of an anode land for SGL 10BC at 60◦ C. Note distance zero corresponds to the GDL surface
in the cathode channel.

conduction a simple 1D analysis is sufficient to estimate the temperature gradient across a
GDL and thus we have:

qx = −kgdl,x
∆T = qx

dT
dx

∆x
kgdl,x

(4.12)

where kgdl,x is the thermal conductive of the GDL, T is temperature, and x is distance.
Using Eq. 4.12 and the polarization data in Fig. 4.12 the heat generation was estimated.
The temperature gradient across the cathode GDL was then predicted using the reported
value of 0.65 W/mK for SGL 10BC [215] and assuming that heat was conducted away from
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the cathode CL equally in both through-plane directions toward the cathode and anode. A
linear regression was applied to the raw data shown in Figs. 4.13 & 4.14 to compare to
the predicted gradients and was slightly extrapolated to increase the overall temperature
difference. The results for location 1 are shown in Fig. 4.15 with the measured data shown
as data points and the predicted gradients as solid lines. The predicted gradients show
the expected tread of increasing as a function of current density due to the characteristic
decrease in voltage (increased waste heat generation) of the polarization curve shown in
Fig. 4.12. It is worth noting that were no lands in either the anode or cathode at location
1, as shown in the IR image of Fig. 4.10(a). The presence (or absence) of lands will
significantly affect the localized heat transfer due to the direct conduction path into the flow
field material. Note from the plot in Fig. 4.15 that the measured gradients are significantly
less than expected from the 1D analysis. Similar results were obtained for location 2 and
are shown in Fig. 4.16.
There are several important features of the plots shown in Figs. 4.15 & 4.16 of the
measured and predicted temperature gradients. Firstly, both plots show a significant reduction in the measured temperature gradient compared to predicted values. The predicted
temperature gradients assume a thermal conductivity of 0.65 W/mK as measured by Radhakrishnan which was for a dry and compressed SGL sample. In a running PEMFC, the
cathode GDL transports water from the CL to the gas channels and if the water was present
near the surface of the GDL cross-section, if would affect the GDL effective emissivity
(water =0.96) and therefore the IR temperature measurements. Furthermore, the distribution of water in the through-plane direction has been a significant challenge to predict or
measure. The second feature of the measured temperature gradients was the effect of the
sapphire window in contact with the GDL on the localized heat transfer. The thermal
conductivity of sapphire is significantly higher than the through-plane conductive of GDL
materials, e.g. 25 W/mK compared to around 1 W/mK. This effect further complicates the
thermal analysis requiring a second dimension to the analysis that was not considered in
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Figure 4.15: Linear regressions of the measured temperature gradients and predicted gradients for the cathode GDL (SGL 10BC) at location 1.

the 1D assumption. The heat that was transferred through the window would reduce the
heat flux in the through-plane direction of the GDL and thus reduce the expected gradient.
The last conclusion from the measured temperature gradients was the effect of the land
regions on local heat transfer. It was assumed in the predicted temperature gradients that
the generated heat flux was split equally between the anode and cathode of the cell which
implies the thermal resistance in each direction was equal. A land in direct contact with
the GDL surface provides significantly less thermal resistance than a channel region due
to the thermal contact resistance of the GDL-land interface compared to the heat transfer coefficient of the GDL surface for typical gas temperatures and flow rates in operating
PEMFCs. Thus when a land region is present on the anode side (location 2) and if the
thermal conductivity of the GDL was uniform, more heat would be transferred to the anode
side compared to the cathode. This would reduce the heat flux in the cathode direction
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Figure 4.16: Linear regressions of the measured temperature gradients and predicted gradients for the cathode GDL (SGL 10BC) at location 2.

and thus the temperature gradient across the cathode GDL would be less than without the
anode land. However, the opposite was observed comparing plots in Fig. 4.15 and 4.16.
This discrepancy could be explained by the non-uniformity of the in-plane water saturation in the GDL. Land regions provide a significant transport barrier to water transport into
the channels resulting in non-uniformity in water saturation in the in-plane direction. This
effect is further compounded by non-uniform water generation as a result of non-uniform
current density. Furthermore, non-uniformity in current density results in significant inplane temperature gradients. Through consideration of these aspects of local temperature
distributions in a PEMFC it becomes clear that localized heat transfer throughout an operating PEMFC is very complex. Nonetheless, a reasonable temperature gradient across
the cathode CL was measured across the cathode GDL in an operating PEMFC through
non-invasive IR imaging and subsequent image processing.
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4.5.4.2

Toray TGP-H-120 Results and Discussion

The same approach used on the SGL 10BC data described in section 4.5.3 for evaluating the
locations for IR temperature measurements was applied to the data for Toray TGP-H-120
+ MPL. In short, the temperature measurements on the GDL cross-section were restricted
to regions unaffected by the chips in the windows (result of manufacturing process). Two
regions were identified in the collected data as valid for evaluation. The images showing the
region bounded by GDL surface in the channels and the location of the chips are shown in
Figs. 4.17& 4.18 with the edge of the sapphire chips and GDL surface shown as black and
white lines, respectively. These locations will be referred to as locations 1 (L1) and 2 (L2)
hereafter but note that location 1 and 2 for the Toray TGP-H-120 + MPL were not the same
physical flow channel locations as used in §4.5.4.1 for the SGL 10BC data. However, the
physical arrangement (relative to the fuel cell inlets and outlets) of locations 1 and 2 were
similar to the SGL 10BC data. Location 1 was near the center of the observable PEMFC
cross-section and location 2 was about 14 mm toward the cathode inlet/anode outlet both
from location 1.
The IR temperature data were collected at an operating temperature of 60◦ for current
densities of 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70 A/cm2 . The polarization curve
is shown in Fig. 4.19 and the HFR remained constant throughout testing at 0.08 Ωcm2 .
Infrared video was captured for about 3 sec at 30 fps with an integration time of 0.345 ms
(factory set) and averaged. To mitigate changes in geometry and emissivity on the GDL
cross-section, the measured temperatures were averaged in the in-plane direction across
the entire 3.2 mm field of view for each pixel row (5 µm). The initial temperature at
the GDL surface was subtracted from each subsequent averaged in-plane temperature to
obtain the temperature gradient in the through-plane direction. The results of the throughplane gradient obtained at location 1 is shown in Fig. 4.20 with the expected result of the
general trend of linearly increasing toward the cathode CL. This trend was also observed
at locations 2 and the results are shown in Fig. 4.21. Note from the images shown in Figs.
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Figure 4.17: Example (j=0.10 A/cm2 ) image at location 1 (L1) of the reliable locations
revealing significant cathode GDL cross-section between the GDL channel surface (white
line) and the influence of the sapphire chips (black line) for Toray TGP-H-120 + MPL.

Figure 4.18: Example (j=0.10 A/cm2 ) image at location 2 (L2) of the reliable locations
revealing significant cathode GDL cross-section between the GDL channel surface (white
line) and the influence of the sapphire chips (black line) for Toray TGP-H-120 + MPL.
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4.17 & 4.18 that each location has a unique local heat transfer geometry with L1 having 1
anode land and L2 without any lands.

Figure 4.19: Polarization curve of the PEMFC with Toray TGP-H-120 + MPL at 60◦ .
Note throughout testing HFR remained constant at 0.08 Ωcm2 .

Following the analysis used on the SGL 10BC data, the expected temperature gradients
across the Toray TGP-H-120 + MPL were compared to linear regressions of the data shown
in Figs. 4.20 and 4.21. The estimated expected gradients across the Toray TGP-H-120 +
MPL were calculated using Eq. 4.11 with the polarization data given in Fig. 4.19, assumed
thermal conductivity of 1.7 W/mK [210], and the assumption that the heat generated is
equally divided between the anode and cathode sides. The results for L1 and L2 are shown
in Figs. 4.22 and 4.23, respectively. In Figs. 4.20 and 4.21 the expected gradients are shown
as solid lines and the linear regression of the measured data shown as data points. These
results all show the general trend of under predicting the temperature gradient compared to
the linear regression of the measured data.
Figures 4.22 and 4.23 reveal that the estimated expected gradients calculated from the
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Figure 4.20: Average through-plane temperature gradient across the cathode GDL (Toray
TGP-H-120 + MPL) at location 1.

heat generation consistently under predicts the gradients compared to the linear regressions
of the measured data. The expected gradient calculation used the manufacturer data of
the thermal conductivity which was for untreated Toray TGP-H-120 but the GDLs used
where treated with PTFE (5 %) and coated with an in-house MPL by General Motors.
The addition of PTFE (k about 0.3 W/mK) should have the effect of lowering the thermal
conductivity of the substrate with a much higher initial conductivity of 1.7 W/mK. The
lowering of the thermal conductivity would predict higher temperature gradients and thus
would help to better predict the data. Additionally, the addition of the MPL coating (generally a mixture of carbon and a high loading of PTFE particles) may also decrease the
thermal conductivity but should reduce the contact resistance between the CL and GDL
substrate, increasing the effective conductivity. Similar to the SGL data, evaluation of the
temperature gradients given in Figs. 4.22 and 4.23 is further compounded by the presence
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Figure 4.21: Average through-plane temperature gradient across the cathode GDL (Toray
TGP-H-120 + MPL) at location 2.

of water within the GDL. Although local heat transfer in the GDL has been shown be very
complex with a multitude of factors, the general trend of increasing temperature toward
the cathode CL was observed for the Toray TGP-H120 + MPL and SGL 10BC GDLs.
Recommendations for future study is given in §6.5.
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Figure 4.22: Linear regression of the measured and predicted temperature gradients for
the cathode GDL (Toray TGP-H-120 + MPL) at location 1.
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Figure 4.23: Linear regression of the measured and predicted temperature gradients for
the cathode GDL (Toray TGP-H-120 + MPL) at location 2.
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Chapter 5
Ex Situ GDL Dynamic Liquid Transport
5.1
5.1.1

Experimental
Test section design

An ex situ test section that was originally designed to study water transport dynamics
through GDL materials and its effect on two-phase flow in fuel cell gas channels was modified and used in this study to investigate liquid water breakthrough dynamics in GDL
materials with and without a MPL. The test section uniformly supplied water to the bottom
surface (MPL side when present) through eight water channels 30 mm long, 0.7 mm wide,
and 0.4 mm deep with 0.5 mm lands between adjacent channels. As shown in Fig. 5.1,
these water channels were supplied with water from three uniformly spaced 0.7 mm water
delivery holes connecting the channels to a water manifold which was supplied with water
with a syringe pump (Harvard Apparatus 11 Plus). The water channel delivery portion of
the test section was fabricated from polycarbonate (Lexan R ) and bottom surface of the water manifold was sealed with a rubber gasket. A 50 µm polyurethane film was used to cover
the GDL bottom surface at the periphery of the water channels in order to prevent water
leakage. In order to visualize the water breakthrough locations, a layer of 0.7 mm thick
Porex X-4588 wicking medium (Porex Technologies Corp., Fairburn, GA) was placed on
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Figure 5.1: Schematic of the breakthrough experimental setup and a 3D view of the water
manifold.

top of the GDL. This medium is a hydrophilic high-density polyethylene (HDPE) material manufactured with uniformly distributed pores of size 80-120 mm. The Porex X-4588
material is permeable to water, thus allowing for the uptake of the emerging water and preventing it from expanding along and re-entering into the GDL. This hydrophilic medium
has negligible effect on the determination of the GDL breakthrough pressure due to its negative capillary pressure. This test section was compressed between two Lexan plates with
bolts. The transparent top Lexan plate and Porex X-4588 material allowed visualization of
the breakthrough locations. A Nikon CCD camera (Coolpix P80, Tokyo, Japan) was used
to collect the images during the experiments.

5.1.2

Experimental procedure

Deionized water (Millipore Direct-Q R 3 (18.2 MΩ)) was supplied to the water manifold at
a rate of 10 µL/min, unless otherwise stated. This flow rate was chosen to correspond to the
equivalent water production rate of a real fuel cell operating near peak power of a current
density of around 1.2 A/cm2 and a capillary number on the order of 10−6 . This equivalent
water flow rate does not consider the condensation from the humidified gas streams and
the water transport between the anode and cathode in a real operating fuel cell. The water
pressure relative to ambient air pressure was measured just prior to entering the test section
using a differential pressure transducer (Honeywell FDW2AR) and recorded with a DAQ
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system (National Instruments) at 100 Hz. The pressure transducer had an operating range
of 0-15 kPa with a precision of 0.2 % over the entire operating range. Assuming that the air
in the GDL pore structure is in equilibrium with the surrounding environment, the pressure
collected directly measured the capillary pressure across the water-air interface and can be
written as:

Pc = Pnon−wetting − Pwetting

(5.1)

where Pnon−wetting and Pwetting are the pressures in the non-wetting and wetting phases
across a meniscus, respectively. In GDL materials for PEMFCs water is the non-wetting
phase and air is the wetting phase.
Preliminary experiments demonstrated that at a constant water injection rate a large
initial breakthrough pressure was always observed. These large pressure spikes were also
reported in literature [119, 121]. However, such initial pressure spikes complicate the accurate determination of the breakthrough pressure because it may coincide with the pulses
of syringe pump itself (at very low flow rates the syringe pump does not operate in a truly
continuous mode). Therefore, a stepwise water injection procedure was employed to avoid
such effects. This procedure injected water at a constant flow for a set amount of time
and then stopped for a set amount of time to allow for the water pressure to equilibrate.
Experimentation revealed the combination of injecting for 2 min and a stop time of 1 min
resulting in the best result. The transient response of the capillary pressure and water injection volume of the stepwise procedure is shown in Fig. 5.2. Once the initial breakthrough
occurred, the stepwise procedure was unnecessary and water was injected at a constant flow
rate. The experiment was run until a sufficient amount of breakthrough events occurred and
the Porex X-4588 material was saturated.
Immediately following the breakthrough experiments, the GDL was quickly removed
from the test section and the surface water wicked away using a hydrophilic tissue (Kimtech).
The mass of the GDL sample was then measured (Ohaus Adventurer) and placed in a room
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Figure 5.2: Typical transient response of capillary pressure to injected water volume using
initial stepwise injection procedure (SGL 25BC).

temperature vacuum chamber to dry for several hours. The mass of the dried GDL sample was measured and the difference from the wet GDL was used to compute the water
saturation using the following:

Sw =

mw ρ
Vw
=
Vp
Aδ

(5.2)

where Vw is the volume of water in the sample, Vp is the GDL pore volume, mw is the
mass of the water in the GDL, ρ is the density of water, A is the cross-sectional area , δ is
the GDL thickness, and  is the GDL porosity. The thickness of the GDL was measured
directly using a micrometer while the porosity was obtained from the manufacturer data. It
should be noted that this method may underestimate the water saturation due to the drying
procedure. However, the objective was not to precisely measure the water saturation but
rather only for comparison between GDL materials tested.

121

5.1.3

GDL materials

Gas diffusion layer materials from two manufactures with and without MPL coatings were
investigated, namely SGL 25 (SGL Carbon Group, Wiesbaden, Germany) and MRC 105
(Mitsubishi Rayon Crop., Otake City, Japan). The SGL samples were purchased from Ion
Power (Delaware, USA) and MRC GDLs were provided by General Motors. All GDL
samples were carbon fiber paper and treated with PTFE to increase hydrophobicity. SGL
25BC samples had a 30-50 µm thick MPL coating on one side and the MRC 105B had a
10 µm MPL. The fiber sides of these GDLs can be seen in CLSM images shown in Fig.
5.3. These particular GDLs were chosen because of their similar pore structure, thickness,
and in situ fuel cell performance [5].

(a) Carbon fiber paper substrate of MRC 105B (b) Carbon fiber paper substrate of SGL 25BC

Figure 5.3: CLSM images of the fiber substrates of GDL materials investigated.

5.2
5.2.1

Results
GDL materials without MPL

Figure 5.4 shows a typical breakthrough behavior through an initially dry SGL 25BA sample. The capillary pressure characteristic of the stepwise injection procedure shown in Fig.
5.2 was omitted from the plot. The breakthrough capillary pressure of this sample was read
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Table 5.1: GDL properties, water breakthrough pressures (Pb ), water saturation at breakthrough (Sw,b ), equivalent capillary radius corresponding to breakthrough (Rc ), and occurrence of dynamic breakthrough locations.
GDL

Structure

Thicknessa

PTFEb

Porosity

Vpore

Pb

Sw,b

Dynamic BT

Rc

(µm)

(wt.%)

(%)

(µL)

(kPa)

(%)

locations

(µm)

MRC 105A

No MPL

202 ± 3

7

87

29

7.4 ± 1.1

4.7-12.2

Yes

9.7

MRC 105B

w/MPL

208 ± 3

7

80

28

12.7 ± 1.4

2.4 ± 0.2

No

5.7

SGL 25BA

No MPL

183 ± 3

5

88

27

1.7 ± 0.5

2.6-7.1

Yes

42.4

SGL 25BC

w/MPL

225 ± 3

5

80

30

6.7 ± 1.2

0.8 ± 0.2

No

10.7

a
b

Measured with a micrometer.
Manufacturer data.

from the first peak (1.78 kPa).
The most remarkable finding shown in Fig. 5.4 of capillary pressure plot and associated
breakthrough images is that it reveals dynamic characteristics of GDL water breakthrough
phenomena. The dynamics are exhibited in two aspects: (1) dynamic capillary pressure
and (2) dynamic breakthrough locations. As expected, the capillary pressure continued to
increase as water was constantly supplied at 10 µm/min (1.2 A/cm2 ) until it fully traversed
the GDL and emerged and was absorbed into the wicking material. However, instead of
drop down to steady-state value, the pressure again built up until a second breakthrough
(1.83 kPa) occurred at around 5 min and this fluctuation continued for many breakthrough
events. A phenomenon of recurrent breakthroughs was observed for all GDL samples. This
was a rather unexpected result as current pore-network models for water transport through
GDL materials assume that once a continuous liquid path through the GDL is established
(initial breakthrough), water will continuously flow through this continuous path. Contrary
to the present findings, a continuous path for water flow would exhibit a constant pressure
after the initial breakthrough [23]. The findings of recurrent breakthrough in Fig. 5.4
indicate that the water flow paths through the GDL breakdown due to water drainage on
the GDL surface. This phenomenon is further discussed in section 5.3.
The second finding revealed in the testing of SGL 25BA was the dynamics of the water
breakthrough locations. The locations on the surface of the GDL where water emerged
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Figure 5.4: Water breakthrough characteristic of SGL 25BA. The inserted images show
the wicking material on top of the GDL sample during the breakthrough experiment. The
values in the plot indicate the peak breakthrough (BT) pressures.

significantly changed over time as illustrated in the images in Fig. 5.4. The darker regions
in the images are locations where water emerged from the GDL surface and absorbed into
the wicking material. Notice from the image that the water emerged just from a few preferential locations on the GDL surface. After the initial breakthrough at BT site # 1, five more
distinct breakthrough events occurred at that site until a new breakthrough site was established 7 min after the initial breakthrough. This dynamic change in breakthrough location
was commonly observed in other SGL 25BA samples as summarized in Table 5.2. A similar phenomenon was observed by Bazylak et al. [119] using fluorescence microscopy and
was attributed to branching of the water pathways. However, the dynamic breakthrough
locations observed in the present study is strongly related to the dynamic capillary pressure. A detailed analysis on these observations is given in §5.3 and it should be noted
that dynamic water breakthrough locations phenomenon is also unaccounted for in current
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pore-network models.
Table 5.2: Water breakthrough dynamics in SGL 25BA samples.
Sample No.

Breakthrough characteristics

1
2
3
4
5
6

Second breakthrough site after 3 consecutive bursts at the first site
Second breakthrough site after 6 consecutive bursts at the first site
Two new breakthrough sites after 4 consecutive bursts at the first site
Second breakthrough site after 4 consecutive bursts at the first site
Only one breakthrough site observed near the edge of water channels
Second breakthrough site after 5 consecutive bursts at the first site

The GDL water saturation was measured and the results are given in Table 5.1. Due
to the dynamic water breakthrough behavior, a wide range, from 2.6 % to 7.1 %, was
measured from sample to sample.
The water breakthrough behavior of MRC 105A samples (without MPL) was fairly
similar to that of SGL 25BA. A typical capillary pressure characteristic with a breakthrough
image is shown in Fig. 5.5. Recurrent breakthrough events are clearly present in the plot
and dynamic breakthrough location was also observed. Although MRC 105A exhibited
a similar dynamic behavior, significant differences were observed. The MRC 105A GDL
displayed a significantly greater breakthrough pressure as well as greater water saturation
at breakthrough than SGL 25 BA (Table 5.1).
It is generally accepted that the capillary pressure in porous media describes the throat
diameters in the pore-network. The critical throat size is defined as the radius of an equivalent capillary exhibiting the same capillary pressure as the breakthrough pressure and can
be calculated from the Young-Laplace equation:

Pc =

2σcosθ
Rc

(5.3)

where σ (0.0072 N/m) is the surface tension of water, θ is the contact angle of water inside
the GDL, taken as approximately the contact angle of water on PTFE (120◦ ), and Rc is the
equivalent capillary radius. Utilizing Eq. 5.3 the critical throat size of the GDL materials
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Figure 5.5: Water breakthrough characteristics of MRC 105A. The inserted image shows
the wicking material during the experiment revealing multiple breakthrough locations.
Note the contrast in the image was increased to highlight the wetted regions. The values in
the plot indicate the peak breakthrough (BT) pressures.

were calculated and are shown in Table 5.1. The critical throat diameter for MRC 105A
materials was found to be 19.5 µm which is close to the mean pore size of the GDL, but
the critical throat diameter for SGL 25BA was found to be about 85 µm. This difference
in critical throat size is related to both the GDL microstructure and the internal wettability.
As shown in Fig. 5.3, MRC 105A has somewhat smaller surface pores than SGL 25BA.
Furthermore, MRC 105A carbon binding material has a fine web structure that may further restrict water from emerging where the carbon binding material for SGL 25BA has
a particle agglomerate structure concentrated on the fibers. The higher PTFE content of
7 wt.% in MRC 105A will also increase the breakthrough pressure and thus decrease the
critical throat size compared to the 5 wt.% PTFE in GDL 25BA. Nonetheless, the critical
throat size of 85 µm in SGL 25 BA is significantly larger than its mean pore size which
may indicate the internal contact angle is much smaller than 120◦ .
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5.2.2

GDL materials with MPL

GDLs used in fuel cell applications are normally coated with a MPL to improve performance at high current densities. The MPL helps to mitigate water flooding and severe mass
transport losses that usually occur in the regime and is sometime referred to as the water
management layer. The effects of the MPL on the breakthrough pressure characteristics
and water saturation was investigated with the MPL facing the water distribution channels
to mimic the configuration used in actual fuel cell (in contact with the catalyst layer). The
case for which the MPL was on the opposite side of the water channels was not tested due
to the fact that this configuration is rarely used in fuel cell applications.
Although MPL thicknesses were significantly different, both the MRC 105B (MPL 8
µm) and SGL 25BC ( 40 µm) materials had similar breakthrough characteristics. Figure
5.6 shows the typical capillary pressure characteristics of SGL 25BC exhibiting recurrent
breakthrough events similarly to what observed for the case without a MPL (see Fig. 5.4)
indicating the breakthrough phenomenon was dynamic. Similar recurrent breakthrough
events were also observed for MRC 105B samples. However, the breakthrough location
was not observed to shift for either SGL 25BC or MRC 105B suggesting that water flows
in the same preferential paths inside the GDL and emerges at the same location on the
GDL surface formed during the initial breakthrough. An example image of the single
breakthrough location for SGL 25BC is shown in the inset image in Fig. 5.6. This finding of a stationary breakthrough location for GDLs with MPLs is in sharp contrast to the
GDLs without a MPL (see Figs 5.4 & 5.5) for which dynamic breakthrough locations was
commonly observed. This result indicates that the MPL plays a pivotal role in stabilizing
the preferential water pathways.
The breakthrough pressures and water saturations for MRC 105B and SGL 25BC were
measured and are shown in Table 5.1. In general, the GDL samples with a MPL had a
higher breakthrough pressure than the corresponding GDL substrate without a MPL. This
was an expected result of the much smaller pore size and PTFE loading of the MPL. Con127

Figure 5.6: Water breakthrough characteristics of SGL 25BC. The inserted image shows
the wicking material during the experiment revealing one a single breakthrough location.
The values in the plot indicate the peak breakthrough (BT) pressures.

sidering a mean pore size of 0.5 µm for a typical MPL, the MPL could have breakthrough
pressure of about 300 kPa from Eq. 5.3. However, the breakthrough pressure for both
MRC 105B and SGL 25BC of nearly of the same order of magnitude as the fiber substrates
without MPL, e.g. 12.7 kPa vs. 7.4 kPa for MRC samples and 6.7 kPa vs. 1.7 kPa for SGL
samples. This indicates the MPL does not function as a uniform barrier because if it did
much greater breakthrough pressures would have been measured given the sub-micrometer
pore size hydrophobicity. Instead, water flows through defects in the MPLs as shown for
both MRC and SGL GDLs in Fig. 5.7. The CLSM image of the MRC 105B MPL shown
in Fig. 5.7(a) reveals its uniformity but is relatively thin (about 8 µm) and barely covers the
fiber substrate. Locations where the fibers are not completely covered provide preferential
pathways for water to penetrate into the substrate with a much smaller breakthrough pressure, e.g. 12.7 kPa compared to 300 kPa. Likewise, despite the greater thickness (about 40
µm) of the MPL of SGL 25BC it still provides many preferential pathways for water penetration through relatively large cracks on the order of tens of micrometers. These cracks
would reduce the breakthrough through pressure drastically compared to a crack-free MPL
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with pores two orders of magnitude smaller. These finds on the MPL may be specific to
the GDL materials studied here but it is interesting to note that the ‘defects’ in the MPL
may be beneficial to fuel cell water management. Furthermore, additional gains in water
management could be made if the defects were precisely controlled.

(a) MRC 105B MPL (8 µm).

(b) SGL 25BC MPL (40 µm).

Figure 5.7: CLSM images of the MPL of GDL materials investigated. Note the preferential
water pathways provided by a thin (8 µm) MPL coating for MRC and the relatively large
cracks in SGL 25BC.

The water saturation at breakthrough for the GDL samples with a MPL was lower than
the GDL samples without the MPL. The saturation of MRC 105B and SGL 25BC were
measured to be 2.4 % and 0.8 %, respectively. The measured saturation for SGL 25BC was
close to the reported value of 3 % for SGL 10BB obtained by Gostick et al. [208]. These
saturation values were three to eight times lower than those of the corresponding sample
without a MPL. This result implies that a MPL can greatly reduce water saturation in GDL.
A similar result has been reported in literature and was explained by the limitation of water
access to the GDL substrate by the MPL [191, 208].

5.3

Discussion

Water breakthrough in both MRC and SGL type GDLs was observed to occur at a few
preferential locations while exhibiting a dynamic characteristic. The dynamic characteris129

tic was reflected in two aspects: (1) dynamic capillary pressure (or recurrent breakthroughs)
and (2) dynamic breakthrough locations (or changing of breakthrough locations with time).
The former was commonly observed in all GDLs tested while the latter was observed only
in GDLs without a MPL. Generally, very small water saturations (<10 %) were observed
at breakthrough for all GDLs tested. These low water saturations combined with the observations of preferential breakthrough locations implies an anisotropic heterogeneous flow
process in GDL. Furthermore, if water did flow in an isotropic, homogeneous pattern, a
much greater water saturation and significantly larger number of breakthrough locations
would result. An anisotropic, heterogeneous water flow inside a GDL can form fast “water
transport channels” which are more or less straight or column-like. These channels are
essentially the “fingering and channeling” observed by Litster et al. [122], the “column
flow” observed by Gao et al. [121], and the “eruptive mechanism” observed by Manke et
al. [134, 167].
A possible interpretation of the observed phenomena can be explained in terms of
Haines jumps, a description of discontinuous drainage displacement employed in geological disciplines [62,196]. In slow drainage, when a non-wetting fluid (water in GDL) slowly
displaces a wetting fluid (Air in GDL) in porous media, the displacement is controlled
solely by the pressure difference between the two fluids. Restrictions in the pore-throat
network of the porous medium hinder the flow from advancing linearly. The interfaces
between the fluids may remain stationary even when the pressure in the displacing fluid
is increased. Once the invading fluid pressure exceeds the capillary pressure at the largest
restriction, the invading fluid will suddenly move into the adjacent pores and quite often
through one or more of these restrictions simultaneously. This process is usually accompanied by a negative capillary pressure drop as a result of the readjustment of the interfaces
between the fluids in the porous medium. This localized bursting of the advancing nonwetting fluid into the initially saturation porous medium is a stepwise process of drainage
and has been called avalanches, Haines jumps, or bursts in literature [62, 196].
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The transition (bursting) of water from the GDL substrate into the wicking material (or
gas channels in an actual fuel cell) is triggered by the mechanism as within the GDL by
considering the wicking material (gas channels) as a new porous medium with much larger
pore size than the GDL. The droplet emerging from the GDL surface grows spontaneously
and carries away water from the adjacent GDL pores. However, the supply of water to
these adjacent pores is often not sufficient for the droplet to fill the larger pore (i.e. gas
channel or to saturate the wicking material) and is “choked-off.” This “choke-off” leads
the pores adjacent to the GDL surface emptied by the departing droplet and results in the
breakdown of the continuous water paths. These emptied pores can then be refilled if a
constant supply of water is injected and the bursting process will occur again resulting
in recurrent breakthrough events. After a breakdown of a continuous water path, the water
within the GDL spontaneously readjusts its interfaces in a relaxation process and may result
in a new breakthrough location. Figure 5.8 is a schematic of such a process. Thus, the
proposed mechanism can explain both the dynamic capillary pressure behavior and the
dynamic breakthrough location phenomena.
The MPL was observed to have two effects on the water breakthrough behavior in both
GDLs studied. The first effect was the limiting of access to the GDL substrate limiting
the number breakthrough locations. This function of the MPL to control breakthrough
locations has also been observed in previous studies [191, 208]. The present measurements
further indicate that the MPL reduces the water entries to the GDL mainly via defects, such
as cracks and breakdowns of the MPL by GDL fibers. The second role of the MPL in water
breakthrough observed was the stabilization of water paths/morphology through the GDL.
These effects can also be accounted for by the transport mechanism previously proposed.
Figure 5.9(a) shows how the water flow paths in a GDL without a MPL are interconnected
and thus the changing of breakthrough location by the spontaneous redistribution of water
configuration after a breakthrough event is probable. However, in the case of a GDL with a
MPL, the water flow paths are not interconnected due to the limiting of access effect of the
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MPL (see Fig. 5.9(b)). Therefore, it is much less likely that the localized bursting occurring
at the end of one water flow path would affect the configuration of the other water flow
paths, thus increasing the stability of the flow paths. This effect together with the limited
number of water access to the GDL results in greatly reduced number of breakthrough
locations compared to GDL without a MPL. As a natural consequence, MPLs greatly lower
the water saturation because the saturation is proportional to the total number of water paths
in a GDL.
In general, only a few breakthrough locations were observed in the ex situ experiments
and the MPL further reduced this number. However, in situ observations in an operating
PEMFC reveal a greater number of droplets (or breakthrough locations) on the GDL surface [82, 216]. This discrepancy may indicate the contribution of other water transport
mechanisms. The transport of water vapor through the MPL and GDL is one such mechanism, especially for fuel cells operating at higher temperatures. Due to the temperature
gradient across the GDL, water vapor transported from catalyst layers and MPL condenses
and forms micro-droplets inside the GDL. These micro-droplets then agglomerate to form
macro-droplets that eventually flow preferentially toward larger pores and finally breakthrough in the gas channels. This water transport mechanism was first proposed by Nam
and Kaviney [192] in terms of an “inverted tree-like water transport”. A feature of this
transport mechanism is a large number of breakthrough locations from the large number
of condensation sites in the GDL. At high fuel cell operating temperatures or a high temperature gradient across the GDL, the vapor condensation in the GDL is greatly increased
and the contribution of the tree-like transport may eventually become dominate, producing
many more breakthrough locations. This indicates that the liquid water transport through a
GDL is very complicated and no single mechanism can fully describe it.
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(a) Initial water breakthrough location

(b) The “choke-off” empties adjacent pores and breaks down the continuous water path

(c) Spontaneous redistribution of water within the GDL allowing for a possible second breakthrough location

Figure 5.8:
materials.

Schematic depicting the dynamic breakthrough phenomena through GDL

133

(a) Water drainage without a MPL showing many water entry points

(b) Water drainage with a MPL restricting water entry into the GDL substrate to only
crack/defect locations of the MPL

Figure 5.9: Schematic depicting the effect of the MPL on dynamic breakthrough phenomena through GDL materials.
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Chapter 6
Conclusions
6.1

Summary

In this work, three interrelated studies were undertaken to improve understanding of water
transport in PEMFC gas diffusion layers. The first objective focused on a new numerical
simulation tool to digitally generate realistic 3D geometries of GDL microstructures including localized binder and PTFE distributions in a cost- and time-effective manner. The
focus of the second objective was to investigate the through-plane transport processes in a
PEMFC using visible and infrared imaging and subsequent image analysis. The last objective revealed fundamental liquid transport mechanism through GDL materials with and
without MPLs. Specific conclusions resulting from this work and proposed future work are
discussed in the following sections.

6.2

Digital GDL Microstructure Generation

A numerical simulation tool was developed to provide realistic 3D phase-differentiated geometries of GDL materials for modeling efforts. For the first time, localized binder and
PTFE distributions were generated throughout the 3D structure which allows for mapping
of hydrophobic and hydrophilic pathways in GDL materials. The generation algorithm was
135

implemented using a new framework and mimicked manufacturing processes by using 3D
morphological image processing to incorporate both carbonaceous binder and PTFE. The
fibrous skeleton was generated using a stochastic technique and subsequently processed
to add carbonaceous binder in a manner that mimics the manufacturing processes. PTFE
treatment of the digital GDL was accomplished through an additional morphological image
processing step and was compared to confocal laser scanning microscope images of Toray
TGP-H-060 with PTFE treatments. The digital GDL algorithm was implemented through a
graphical user interface with intuitive input parameters of porosity, fiber radius, thickness,
percent binder, percent PTFE, voxel size, and domain size. The results for the digital generation of Toray TGP-H-060 with 0 wt.% PTFE were in good agreement with CLSM images
as well as 3D X-ray tomography studies. The resulting structure can be readily used for
analyzing transport processes by using commercial CFD software packages. The proposed
framework and algorithm provide for the first time a complete phase differentiated (fiber,
binder, and PTFE) digital 3D microstructures in a cost- and time-effective manner.

6.3

Through-plane Visible and IR Imaging of a PEMFC

Through-plane transport in an operating PEMFC was investigated by developing and testing a transparent (visible and infrared) PEMFC. The new cell design allowed for simultaneous visualization of both the anode and cathode (including GDLs) in visible and mid-wave
infrared wavelengths. Visible observations with a digital microscope revealed anode GDL
water transport was dominantly in the vapor phase as opposed to the cathode GDL where
liquid water was routinely observed. This result indicates that water flooding and the consequent mass transport resistance in the anode GDL may not be as serious as in the cathode
because liquid water did not accumulate inside the porous GDL and block hydrogen pathways. High magnification observations of the cathode GDL and subsequent video processing revealed the condensation of microdroplets and implied the existence of condensation
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within the GDL but confirmation could not be made due to current limits on test section
design. Noninvasive temperature gradients across the cathode GDL with 5 µm pixel resolution were obtained using infrared imaging and subsequent image analysis. An averaging
technique was implemented to determine an effective emissivity to account for the heterogeneous GDL cross-section. Temperature measurements on the cathode GDL exhibited
the general trend of increasing temperature toward the cathode CL. Recommendations for
further improvement of the noninvasive IR temperature measurements were made.

6.4

Ex Situ GDL Dynamic Liquid Transport

The liquid water breakthrough dynamics across GDLs with and without MPL were studied
in an ex situ setup which closely simulates a real fuel cell configuration and operating
conditions. The following conclusions were made from the results:
• The capillary pressure inside GDL materials was dynamic even after the initial breakthrough event. Recurrent water breakthroughs were always observed indicating the
breakdown and re-build of water paths. Recurrent breakthrough events were caused
by an intermittent water drainage process from the GDL surface.

• For GDL samples without a MPL, the location of breakthrough events was observed
to be dynamic. However, for GDL samples with a MPL no such phenomenon was
found. The water saturation for GDLs with MPL was significantly lower than the
samples without MPL. These results suggest that the MPL not only limits the number
of the water entries into the GDL (so that the water saturation is drastically reduced),
but also stabilizes the water paths (morphology).

• A water transport mechanism, explained in terms of a Haines jump mechanism, was
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proposed to account for the dynamic breakthrough behaviors through GDL materials.

6.5

Future Work

The work presented here forms the foundation for developing new models related to liquid
water transport in a PEMFC GDL. Specific suggestions in the three areas are discussed in
the following sections.

6.5.1

Digital GDL Microstructure Generation

The newly developed method of generating digital GDL microstructures represents the
initial framework for an entire body of work that could be extended in many directions.
The microstructure generation algorithm could be extended to include less anisotropic GDL
materials such as those manufactured by SGL or MRC. This could be incorporated in the
current model by removing the constraint on the fibers containing them within a plane
and applying a through-plane distribution for associated component of the fibers’ vectors.
However, this approach would still not account for the curvature (or crimp) of the fibers but
may provide a reasonable approximation to these actual hydroentangled GDLs materials.
The curvature of the fibers could be incorporated into the current framework by simply
replacing the definition of the fiber (unit vector, Ĉ and a point (xo , yo , zo ) with an expression
for the desired curvature over the domain. The expressions could be as simple as a single
sinusoid or for complete control over the shape throughout the domain, a spline could be
implemented. A spline fitted to a distribution of points representative of the degree of
entanglement of actual GDL materials may result in geometries very close to that of actual
hydroentangled GDLs. Complete control over in-plane and through-plane components of
the fibers would allow for a systematic study of fiber directional distribution on transport
resistance and other transport properties. The directional distribution of the fibers may
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also have an effect on GDL intrusion into the channels and should also be considered with
transport properties for GDL optimization.
The generation algorithm could as be extended to incorporate more varieties of binder
material such as those exhibited in SGL or MRC materials. The binder morphology of GDL
materials significantly varies as shown in section 1.3. The morphology of SGL binder material appears to be comprised of small particles that accumulate on and around fiber intersections and not as thin films observed for Toray GDLs. These small binder particles could
be incorporated into the generation algorithm by replacing the binder addition function in
the MATLAB Toolbox with one that mimics this morphology. This could be accomplished
through a variety of methods. One such method would be to randomly select void voxels to
be potentially filled with binder. If the voxel selected is a neighbor of a fiber or previously
assigned binder, then that voxel would be assigned as binder. Otherwise, the voxel would
remain void. This caveat would eliminate “floating” binder voxels that would be physically
unrealistic. However, this method may result in porous binder if additional considerations
are not made and may generate unrealistic binder material. The binder morphology of
MRC GDL materials would also be challenging to implement digitally but could be approached with a variety of methods. MRC binder material could be approached with a
similar method to that used for Toray in this study (3D morphological closing with spherical SE) with an additional processing step. After the binder was added to the fiber skeleton
using 3D morphological closing, an additional step of randomly removing binder in the
shape of holes could be conducted. This could be implemented by first isolating the binder
phase and placing it in an independent array. Then, binder material could be removed randomly in the shape of disks throughout the binder solid until the desired binder volume was
achieved. The resulting binder array would then be re-combined with the GDL skeleton to
produce the complete GDL structure. Equipped with multiple functions for the binder addition, the effect of the binder morphology on transport properties could also be studied
with subsequent simulations.
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The proposed method for simulating PTFE treatment results in a relatively uniform distribution with cyclic maximums located at layer intersections. Incorporation of a throughplane component of the fibers using the current method for PTFE addition would result
in a more uniform PTFE distribution. The most common method of PTFE treatment for
GDL materials results in varying degrees of nonuniformity in PTFE content and strongly
depends on the drying process [9]. A fast drying method results in high concentrations of
PTFE near the surfaces and a slow drying method results in more uniform coating. These
different drying methods could be mimicked in the PTFE addition step by independently
considering sections of the digital GDL. The first few layers towards the GDL outer surfaces could be isolated into their own independent arrays and subsequently treated with
a higher loading than the bulk. The 3D structure can then be re-assembled into the final
GDL material. Similarly, an arbitrary PTFE distribution could be digitally implemented to
investigate the optimal PTFE distribution using in modeling efforts.
Characterization methods of the generated GDL structures could also be extended for
further analysis. Material properties such as tortuosity, surface roughness, and pore size
distribution could improve GDL evaluation. The tortuosity of the generated microstructures
could be estimated through a variety of methods. Initially, the 3D phase-differentiated
geometry would be reduced to a binary 3D structure containing only solid and void voxels.
Then, a random walk method could be applied to one side of the GDL structure and the
path of a virtual particle could be tracked until it reaches the other side. This process
would need to be repeated for many iterations and starting points to obtain an average
tortuosity. This method would allow for the tortuosity to be estimated for both the in-plane
and through-plane directions. The surface roughness in terms of Ra could be implemented
by using the relative dimensions of the voxels. The top most section of the digital GDL
would be a reference height and at each row, the relative depth to the next solid voxel
could be computed. This would be repeated across the domain for a particular row. This
would provide the line roughness at that location and could be implemented for any row
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(or column) of the digital model. Surface roughness would be a straightforward extension
to the line roughness where each row and column would be considered in the computation.
The pore size distribution of the fibers would also provide valuable information on the
generated GDL samples. One method that could be used was implemented by Schulz et al.
2007 who used morphological opening with spherical structuring elements of increasing
radius to determine the pore size distribution in their generated GDL samples [28].
The main objective of developing the proposed generation model was to provide realistic 3D geometries of GDL materials for future modeling efforts of transport processes.
The transport modeling could be implemented in variety of methods including standard
CFD methods, lattice Boltzmann, pore network modeling, or full morphology. A review
of lattice Boltzmann, pore network, and full morphology methods are given and compared
for liquid water transport through GDL materials by Sinha et al. [13]. The initial step in
using commercial CFD software packages would be to successful mesh the generated geometry. Depending on the software used to generate the mesh, modification of the output
3D image might be necessary for the mesh to be properly applied. Pore network modeling
using the generated GDLs would be require a methodology to reduce the complicated pore
structure to a representative idealized pore network. One advantage of using the phasedifferentiated digital GDLs would be the additional parameter of the hydrophobicity of the
pores that could have a strong impact on the transport properties. These simulations could
be conducted on the generation GDLs to provide insight on liquid water transport including
Haines jump dynamics that are not accounted for in current pore network models. Utilizing the realistic complete phase differentiated 3D geometries, more accurate predictions of
the liquid and heat transport could be made. These predictions coupled with the material
properties from the characterization methods will allow for digital GDL optimization in a
time- and cost-effective manner.
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6.5.2

Through-plane Visible and IR Imaging of a PEMFC

The investigation of through-plane transport in an operating PEMFC using visible and infrared imaging can be extended through a variety of approaches. A new design of the
transparent flow fields which allowed for direct observation of the MPL and CL would be
a great improvement on the current design. A new design with the potential direct observation of the flow paths from water generation in the CL to removal in the channel will
enable the study of transport within these layers as well as across the associated interfaces.
Water hold-up due to interfacial transport resistance across these layers could also be studied. With each individual layer exposed for both visible and infrared imaging, confirmation
of a condensation front within the GDL, MPL, and/or the CL could potentially be made.
Infrared observations may allow for the measurement of the effect of condensation on the
heat transfer across the GDL materials. The limiting factor in the current test section design
that occluded the MPL and CL was mainly due to the fabrication of the sapphire windows.
A new design should carefully consider the manufacturing process to mitigate chipping of
the sapphire. The current work used a grinding process (with a diamond wheel) and resulted in chips on the order of 50 µm thick, occluding most of the MPL and the entire CL.
A different manufacturing process for the windows is recommended for future work or a
new window design that would eliminate this issue.
The test setup could also be improved with simultaneous visible and infrared observations. Equipped with both visible and infrared data from the through-plane direction, the
effect of the presence of water saturation on the GDL could be studied. The presence of
water on the cross-section of the GDL would affect the IR temperature measurements but
could be accounted for using simultaneous visible observations. Additionally, image fusion
techniques could be applied to the multi-spectral data. The high spatial resolution visible
data could be fused with the lower spatial resolution IR data to produce higher spatial resolution temperature image than the IR camera could produce independently. An additional
complication of this experimental setup would be the additional image processing required
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for geometric mapping or registration of the images from two cameras. Simultaneous visible and infrared captures could be accomplished using a cold mirror such as silicon that
reflects visible light but has a high transparency in infrared. A test fixture would have to be
developed such that the visible lens would be positioned at 90◦ relative to the IR lens and
the mirror positioned at 45◦ relative to both. A similar testing configuration was successfully used by Ishikawa et al. 2007 for investigation of freezing phenomena [110].
This work could be further explored by extending the number of GDL materials tested.
Including testing of a wider range of GDL materials will allow for parametric studies on
the effect of material properties such as thermal conductivity, manufacturing techniques,
pore structure, etc.. Specifically, the thermal conductivity of the GDL will affect the temperature gradient but more interesting is its effect on the location of condensation within
the GDL. The location of condensation within the GDL will have a strong impact on water
saturation and transport resistance within the GDL. Thus, water saturation should be well
characterized for accurate modeling.
Incorporation of the previously discussed digital generation of GDL materials would
be a very interesting extension of this in situ work. Using the generation algorithm with
improved characterization techniques, the thermal conductivity of the GDL materials could
be predicted. These predicted values could then be compared to the thermal gradients
obtained from IR imaging. Modeling efforts using the generated GDLs could be validated
using this or an improved test section for the location of a condensation front as well as
interfacial transport resistances.

6.5.3

Ex Situ GDL Dynamic Liquid Transport

The extension of the work on dynamic liquid transport through GDL materials could be
extended by expanding the GDL materials tested. Additional investigation of more GDL
materials would allow for a detailed parametric study of the effects of GDL thickness,
manufacturing technique, PTFE loading, and MPL coating on breakthrough pressure and
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water saturation. Insight into the effect of these material properties will add to the current
understanding of liquid transport through GDL materials and help provide a direction for
future designs of improved GDL materials.
Future work on water breakthrough dynamics could be extended by further characterization of the observed recurrent breakthroughs. The frequency of the recurrent breakthrough events may be a function of the volume of the pores near the surface of the GDL.
The draining of a large volume of interconnected pores near the GDL surface would require
more time than a smaller volume to refill before the next breakthrough event could occur.
This could be further investigated with more BT data from a variety of GDL materials and
further characterization of the GDL surface. This further characterization of breakthrough
phenomena may reveal treads that could lead to a GDL with improved drainage characteristics.
The test section used in this study could be improved by including the effects of channel
lands, compression, and air flow rates. This new design would more closely simulate actual
fuel cell operation with air flow rates supplied at a variety of stoichiometries. The blockage
of drainage paths by the lands may impact breakthrough dynamics and should be well
characterized for modeling efforts. Compression of the GDL will reduce the pore space
under the lands and thus significantly affect the local transport properties, including BT
dynamics.
An interesting extension of this work would be to use the 3D geometry generated by the
proposed algorithm to characterize subsurface pores. The generation algorithm could produce digital GDLs with similar properties to the tested commercial GDLs and would allow
for evaluation of the 3D structure that would otherwise be unavailable. This extension may
be able to provide trends on what is controlling the water flow paths and the associated
dynamics. Further development of a mathematical model to predict and thoroughly describe the proposed mechanism would be of tremendous value for GDL transport modeling
efforts.
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